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Behavioral symptoms of autism spectrum disorder (ASD) begin to emerge around 
12 months of age and are preceded by subtle differences in how infants process and 
interact with the world (Elsabbagh & Johnson, 2010).  Similar atypical behavioral 
patterns and markers of brain organization (‘endophenotypes’) are present in infants at 
risk for ASD (HRA) due to their family history, regardless of whether they ultimately 
develop the disorder.  Possible endophenotypes of ASD were investigated through four 
studies that examined event-related potentials (ERPs) to speech and language in HRA 
and low-risk control (LRC) infants as part of a larger, longitudinal project.   
Chapter 2 examined ERPs to language-specific phonemes at 6, 9, and 12 months 
(n=59 at 6mo, 77 at 9mo, and 70 at 12mo) and found that HRA infants were not delayed 
in phonemic perceptual narrowing yet exhibited atypical hemispheric lateralization of 
ERPs at 9 and 12 months.  Chapter 3 explored these findings further in a sample with 
known developmental outcome (n=60 at 6mo, 75 at 9mo, and 72 at 12mo) in order to 
understand how these ERPs differ between infants who ultimately develop ASD and 
infants who do not.  Chapter 4 examined responses to repeated speech stimuli at 9 months 
  vii 
(n=95).  HRA infants exhibited atypically large ERPs to repeated speech, and this pattern 
was associated with better later language ability.  Finally, Chapter 5 examined ERPs to 
words at 18 and 24 months (n=41 at 18mo, 52 at 24mo) and found evidence for atypical 
topography of responses to known versus unknown words, particularly at 18 months.   
These findings provide evidence that in HRA infants, even those who do not 
develop ASD, neural processing of linguistic stimuli is altered during infancy and 
toddlerhood.  The results from Chapter 4 suggest that at least some of the differences 
seen in HRA infants who do not develop ASD may reflect beneficial, rather than 
disordered, processing.  Overall, these results contribute to growing evidence that familial 
risk for ASD is associated with atypical processing of speech and language during 
infancy.  Future work should continue to investigate more closely the implications of 
atypical neural processing for infants’ later development.   
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CHAPTER 1: General Introduction 
 Autism spectrum disorder (ASD), which involves social and communicative 
impairment in addition to restricted interests and repetitive behaviors (American 
Psychiatric Association, 2013), currently affects over 1 in 100 children in the USA 
(Autism and Developmental Disabilities Monitoring Network, 2012); however, its early 
developmental progression is not well understood.  Diagnoses are typically not given 
until late toddlerhood or early childhood (Mandell, Novak, & Zubritsky, 2005), making it 
challenging to study the unfolding of ASD over the first few years of life.  Although 
recent work has helped to elucidate some of the ways in which ASD develops during 
infancy, diagnosis remains difficult before 24 months and many questions remain about 
the emergence of ASD before this age (Zwaigenbaum et al., 2009).  Language processing 
in particular has not been well studied during infancy in ASD, despite the fact that it is 
affected to some degree in the majority of individuals with ASD (Tager-Flusberg, Paul, 
& Lord, 2005).  This dissertation addresses this gap in the literature by examining how 
infants who are at risk for ASD process linguistic stimuli.  
1.1 Early development of ASD 
Until recently, research on the early development of ASD was primarily restricted 
to retrospective analysis of data collected during infancy from children already diagnosed 
with ASD (i.e., from home video recordings of their first birthday party; Osterling & 
Dawson, 1994).  However, many sites around the world have now begun to prospectively 
study the development of ASD from birth or the first few months of life; one such 
method for doing this is to longitudinally follow infants who are identified ahead of time 
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as being at an increased risk for developing ASD (Karmel et al., 2010; Zwaigenbaum et 
al., 2007).  Because ASD is highly heritable, with a recurrence rate of around 20% in 
siblings (Ozonoff et al., 2011), the younger siblings of children with ASD are a 
commonly used high-risk population for studying the unfolding of this disorder 
(Zwaigenbaum et al., 2007). 
 Research from such studies has shown that, by around 12 months, infants who 
ultimately develop ASD begin to display language and gesture delays, atypical patterns 
of social-communicative attention, and atypical object use; however, there do not appear 
to be clear overt behavioral symptoms of ASD in younger infants (Mitchell et al., 2006; 
Ozonoff et al., 2008b, 2010; Zwaigenbaum et al., 2005).  Attempts at identifying 
predictors of ASD in infancy have been complicated by the fact that high-risk infant 
siblings (HRA infants) who do not receive a diagnosis of ASD share multiple behavioral 
and neurophysiological traits with HRA infants who do.  Behaviorally, by around 12 
months a portion of these unaffected infants begin to show subclinical traits of the 
‘broader autism phenotype’ (BAP) including elevated autism symptoms and lower 
language abilities relative to low-risk control infants (Gamliel, Yirmiya, Jaffe, Manor, & 
Sigman, 2009; Georgiades et al., 2013; Macari et al., 2012; Ozonoff et al., 2014).  
 In part because it has proven difficult to use overt behavior before 12 months to 
distinguish between infants who ultimately receive a diagnosis of ASD and infants who 
do not (and remains difficult even at this age; e.g., Macari et al., 2012), many researchers 
have begun to examine more subtle behavioral or neurological traits in hope that they 
may be able to help better predict which infants will develop ASD.  Subtle markers of 
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ASD do appear to emerge before 12 months, and infants who receive a later diagnosis 
show, for example, less consonant production (Paul et al., 2011), decreased attention to 
social scenes (Chawarska, Macari, & Shic, 2013), slower visual orienting (Elison et al., 
2013), and atypical neural response to eye gaze (Elsabbagh et al., 2012), all relative to 
high-risk infants who do not develop ASD (for review, see Jones, Gliga, Bedford, 
Charman, & Johnson, 2014).  In addition, HRA infants regardless of diagnostic outcome 
exhibit subtly atypical behavioral, attentional, and neurological patterns of processing and 
interactions with the world from early in the first year of life (de Klerk, Gliga, Charman, 
& Johnson, 2014; Drouker, Curtin, & Vouloumanos, 2013; Elsabbagh et al., 2009b; 
Georgiades et al., 2013; Guiraud et al., 2011, 2012; McCleery, Akshoomoff, Dobkins, & 
Carver, 2009; Tierney, Gabard-Durnam, Vogel-Farley, Tager-Flusberg, & Nelson, 2012).  
These possible ‘endophenotypes’ follow genetic or familial risk rather than the 
phenotypic manifestation of the disorder itself (Gottesman & Gould, 2003; Viding & 
Blakemore, 2007), and similar types of endophenotypes are reported in older first degree 
relatives even in the absence of overt behavioral impairment (Jansson-Verkasalo et al., 
2005; Losh et al., 2009; Losh, Esserman, & Piven, 2010; Mosconi et al., 2010; Wilson et 
al., 2013). 
To summarize, the early development of ASD is characterized by the presence of 
subtle atypical behavioral and neurological traits during the first year of life, some of 
which are shared with HRA infants who do not develop ASD.  Overt behavioral 
symptoms are absent until the end of the first year, when they begin to emerge in infants 
who develop ASD and to a lesser extent in infants who develop BAP.  In infants with 
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ASD, these behavioral symptoms become more pronounced throughout toddlerhood, 
when a confident diagnosis can finally be made.   
Although there is much variability and heterogeneity in the early trajectory of 
ASD (e.g, Ozonoff et al., 2011a), the overall developmental patterns are consistent with 
the theory that ASD emerges in many cases from interactions between initial genetic 
vulnerability and the experienced environment (Dawson, 2008; Jones et al., 2014).  In 
particular, it has been hypothesized that the presence of individual heritable 
endophenotypes (which can be found in HRA infants irrespective of later exhibit 
behavioral symptoms) and early risk markers (clustered more so in HRA infants who 
develop ASD or BAP) within an infant can alter the way that infant processes, interacts 
with, and learns from the environment, creating a ongoing, interactive developmental 
cycle between the infant’s phenotypic state and environmental input (Dawson, 2008).  In 
infants who develop ASD, these initial behavioral and neurological traits can be 
developmental vulnerabilities that, in the absence of intervention, ultimately result in the 
manifestation of ASD symptoms.  The presence of a number of endophenotypes and 
markers within a given infant may then have a cumulative effect on vulnerability and risk 
for ASD (Bedford et al., 2014; Tager-Flusberg, 2010; Walsh, Elsabbagh, Bolton, & 
Singh, 2011).  In contrast, HRA infants who do not develop ASD may possess certain 
characteristics or endophenotypes that provide developmental protection rather than 
vulnerability, possibly even in cases where they also possess traits that might otherwise 
make them susceptible to developing ASD.  In light of this, accurate characterization of 
the early traits of both HRA infants who develop ASD and HRA infants who do not is 
  
5 
important for obtaining a full understanding of the developmental onset of ASD. 
1.2 Language in ASD 
Despite recent advances in our understanding of ASD over the first few years of 
life, surprisingly little research has focused specifically on how HRA infants process 
language.  Language impairment is not a core diagnostic symptom of ASD (American 
Psychiatric Association, 2013), yet language delay is often one of the first symptoms 
reported by parents (Chawarska et al., 2007) and a large portion of individuals with ASD 
experience continued language impairments (Kjelgaard & Tager-Flusberg, 2001).  Even 
individuals with ASD who do not have structural language impairment experience 
difficulty with pragmatics and exhibit atypicalities in other areas of language, including 
word learning, word generalization, and lexical and semantic processing (Harris et al., 
2006; Kamio, Robins, Kelley, Swainson, & Fein, 2007; Kelley, Paul, Fein, & Naigles, 
2006; Knaus, Silver, Lindgren, Hadjikhani, & Tager-Flusberg, 2008; McGregor & Bean, 
2013; Norbury, Griffiths, & Nation, 2010; Tek, Jaffery, Fein, & Naigles, 2008).  
Furthermore, there are atypicalities in the underlying neural correlates of language 
processing in individuals with ASD.  One particularly robust finding is that the language 
networks in the brain exhibit dampened or even reversed hemispheric lateralization, both 
in terms of physical structure and functional activity (De Fosse et al., 2004; Flagg, Cardy, 
Roberts, & Roberts, 2005; Herbert et al., 2002; Kleinhans, Muller, Cohen, & Courchesne, 
2008b; Knaus et al., 2009, 2008; Yoshimura et al., 2013).   
In line with the more general developmental onset of ASD, infants who develop 
ASD begin to exhibit language and gesture delays by 12 months (Mitchell et al., 2006; 
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Talbott, Nelson, & Tager-Flusberg, 2013), and these are preceded by more subtle 
atypicalities over the first year of life in babbling and consonant use (Patten et al., 2014; 
Paul et al., 2011). HRA infants who do not develop ASD but who show traits of the BAP 
also show language delays that emerge around 12 months (Gamliel et al., 2009; Ozonoff 
et al., 2014).  However, even the remaining HRA infants who do not develop behavioral 
traits of either ASD or the BAP experience somewhat dampened language ability relative 
to control infants, despite not being objectively delayed in language acquisition (Ozonoff 
et al., 2014).  The findings in HRA infants are in line with higher rates of language and 
reading impairments in older relatives of individuals with ASD as well as subtle 
atypicalities in language processing and production (Lindgren, Folstein, Tomblin, & 
Tager-Flusberg, 2009; Losh et al., 2010; McFadden, Hepburn, Winterrowd, Schmidt, & 
Rojas, 2012; Wilson et al., 2013).  Together, this suggests that familial risk for ASD 
involves endophenotypes that may disrupt or alter typical patterns of language acquisition 
and language processing, even in cases where this does not ultimately lead to behavioral 
language impairment.   
Several researchers have begun to examine factors that may affect or be 
associated with language processing in HRA infants or that may lead to delays in 
language acquisition, such as atypical patterns of attention to linguistic and social stimuli 
and difficulty using social information to learn words (Bedford et al., 2013; Drouker et 
al., 2013; Gliga, Elsabbagh, Hudry, Charman, & Johnson, 2012; Malesa et al., 2013; 
Young, Merin, Rogers, & Ozonoff, 2009); however, relatively few have looked directly 
at how HRA infants process language.  From those who have, there is evidence that over 
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the first year of life HRA infants are less sensitive than low-risk control infants (LRC) to 
the word structure of their native language (Ference & Curtin, 2013) and that regions of 
the brain that in LRC infants show increased activity to linguistic over non-linguistic 
stimuli do not show this differential response (Lloyd-Fox et al., 2013).  Continued 
examination of how HRA infants process language has the potential to be informative 
about aspects of language acquisition that are disrupted or occur atypically in HRA 
infants as well as aspects that are intact, thus deepening our understanding of the early 
endophenotypes and developmental pathways of ASD. 
1.3 Current studies 
 A series of four studies are presented here; each examines a different aspect of 
how infants and toddlers at risk for ASD process speech and language.  Because HRA 
infants may exhibit atypical neural activity that either precedes or occurs in the absence 
of behavioral atypicalities or impairments, the studies here all used event-related 
potentials (ERPs) to investigate linguistic processing. 
 ERPs use scalp electrodes to measure changes in the brain’s electrical activity in 
response to a specific stimulus, event, or mental state (Luck, 2005).  To collect ERPs, an 
individual is exposed to a stimulus multiple times while the electrodes at the scalp record 
continuous encephalogram (EEG), or ongoing fluctuations in the brain’s electrical 
activity as generated by the postsynaptic potentials of groups of spatially-aligned 
pyramidal neurons.  Then, the segments of EEG that occur immediately after each 
exposure to the stimulus are summed together.  Through this technique, the electrical 
activity that occurs consistently in response to the stimulus becomes apparent (the ERP), 
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while any activity that is not time-locked to the stimulus is averaged out (Luck, 2005).  
The resulting waveform includes positive or negative inflections (‘components’) that in 
the literature are often labeled as ‘P’ or ‘N’ to reflect their positive or negative polarity, 
followed by a number indicating how long (in milliseconds) it generally takes the 
component to reach its maximal point (latency to the peak).  Specific components are 
known to be elicited in response to particular types of stimuli (e.g., faces) and often 
reflect specific cognitive processes (e.g., detection of a stimulus change).   
Electrophysiological measures, including ERPs, are particularly suited for use 
with infants and toddlers.  They require no overt response by the participant and, unlike 
other neuroimaging methods such as fMRI, are relatively tolerant of movement artifacts 
(DeBoer, Scott, & Nelson, 2004).  ERPs additionally provide very precise temporal 
specificity (on the order of milliseconds), making them ideal for studying response to 
language as they can provide insight into the time course of processes involved.  Finally, 
although ERPs do not easily provide information about the exact brain regions 
responsible for generating the response (at least in infants), they can provide at least some 
very broad information about neural correlates including hemispheric lateralization of 
response (DeBoer, Scott, & Nelson, 2004).   
The use of ERPs in the studies presented here allowed for the investigation of two 
specific aims: 
Specific Aim 1: To understand the neural characteristics of language processing in 
infants at risk for ASD. 
Of particular interest is whether HRA infants are delayed in various aspects of 
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language acquisition (e.g., the process of phonemic perceptual narrowing) and whether 
these infants use atypical neural networks when processing language (reflected through 
atypical lateralization or topography of ERPs).  In addition, HRA infants may exhibit 
subtle patterns of ERPs that do not necessarily indicate delay but rather atypical or altered 
neural processing (e.g., enhanced or dampened amplitude or latency). 
Specific Aim 2: To identify aspects of language processing that differentiate high-
risk infants from the general population and that differentiate between subgroups of 
infants within the high-risk group. 
As others have found, the population of high-risk infant siblings is heterogeneous 
and includes infants who ultimately receive a diagnosis of ASD, unaffected infants who 
show signs of the BAP, and unaffected infants who show no behavioral signs but may 
have biological or neurophysiological biomarkers or risk-related traits.  Of interest is how 
ERPs of high-risk infants as a group differ from low-risk infants in addition to how these 
subgroups of high-risk infants differ from each other.  
 
Each of the four studies addressed one or both of these specific aims. Across these 
studies, it was hypothesized that ERPs in HRA infants as a group would reveal patterns 
of delayed language processing, atypical language processing, and atypical lateralization 
of response.  Such findings would lend support to the presence of language-related 
endophenotypes in infancy.  Furthermore, it was hypothesized that, in line with a 
cumulative risk model, infants who showed more ASD symptoms in toddlerhood 
(particularly, infants who ultimately received an ASD diagnosis) would have ERPs that 
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were more atypical than infants who showed fewer ASD symptoms.  
The four studies are presented as separate chapters.  Chapter 2 examined the ERPs 
of HRA and LRC infants at 6, 9, and 12 months in response to speech sounds and 
focused specifically on a particular aspect of language acquisition (phonemic perceptual 
narrowing) as well as hemispheric lateralization of ERPs.  Chapter 3 investigated the 
findings from Chapter 2 in an expanded sample in order to examine differences between 
HRA infants who developed ASD, BAP, or neither.  Chapter 4 examined how HRA and 
LRC infants responded to repeated speech sounds in particular and examined the 
relationships between ERPs to these sounds and later language ability.  Finally, Chapter 5 
examined ERPs to words in HRA infants who did not develop ASD.  Note that each 
chapter is intended to be a stand-alone study, and so each takes a slightly different 
methodological approach in line with the unique goals of that study. Furthermore, 
Chapter 2 has been peer-reviewed and published as: 
Seery, A. M., Vogel-Farley, V., Tager-Flusberg, H., & Nelson, C. A. (2013). 
Atypical lateralization of ERP response to native and non-native speech in 
infants at risk for autism spectrum disorder. Developmental Cognitive 
Neuroscience, 5, 10-24). 
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CHAPTER 2: Atypical Lateralization of ERP Response to Native and Non-Native 
Speech in Infants at Risk for Autism Spectrum Disorder 
2.1. Introduction 
Autism spectrum disorder (ASD) is defined by social and communicative 
impairment in addition to restricted interests or repetitive behaviors (American 
Psychiatric Association, 1994) and is known to be highly heritable with a recurrence rate 
of 19% in siblings (Ozonoff et al., 2011b).  Behavioral symptoms do not generally 
emerge until the second year, although delays in language acquisition and subtle social-
communicative impairments may be present at 12 months (Mitchell et al., 2006; Rogers, 
2009).  Before this age, predictors of ASD risk are sufficiently subtle (or not evident) that 
they are not captured consistently through behavioral measures (Elsabbagh & Johnson, 
2010; Mitchell et al., 2006; Tager-Flusberg, 2010).  Recently, much effort has focused on 
uncovering subtle biomarkers or predictors of ASD in early infancy (Walsh et al., 2011; 
Wolff et al., 2012).  Identification of such predictors may ideally ultimately allow for 
diagnosis of ASD at this young age and thus allow access to services as early in 
development as possible (Dawson, 2008). 
Crucially, research on the early development of ASD has focused not only on 
identification of characteristics specific to the disorder but additionally on subtle traits or 
biomarkers related to an elevated risk for ASD.  These ‘endophenotypes’ form 
intermediate links between genotypic risk and full diagnosis, and thus are present in both 
affected and unaffected individuals who are at a genetic risk for autism (Gottesman & 
Gould, 2003; Viding & Blakemore, 2007).  Many such endophenotypes have been 
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identified in unaffected first-degree relatives of individuals with ASD.  In older children 
and adults, these include sub-clinical autism symptoms (‘broader autism phenotype’) in 
addition to more subtle communicative difficulties, cognitive deficits, and atypical 
patterns of neurological activity (Dawson et al., 2002; Gamliel et al., 2009; Piven & 
Palmer, 1997; Rojas et al., 2011).  Recently, several possible neurological ASD 
endophenotypes have been detected in infants under 12 months (for review, see 
Elsabbagh & Johnson, 2010).   For example, high-risk infants exhibit atypical event-
related potentials (ERPs) to gaze perception (Elsabbagh et al., 2009a), faces, and objects 
(McCleery et al., 2009) and atypical EEG power (Tierney et al., 2012).  It is important to 
note that while the identification of an individual potential endophenotype in infancy is 
certainly not sufficient to distinguish between infants who ultimately develop ASD and 
other high-risk infants who do not, this identification is a critical first step in beginning to 
develop a cumulative risk model for ASD.  It is possible that the presence of several such 
traits or markers together in an individual infant may ultimately be predictive of a clinical 
diagnosis of ASD in that infant (Tager-Flusberg, 2010; Walsh et al., 2011). 
Despite the recent promise of being able to identify possible ASD 
endophenotypes before 12 months using neurophysiological response and patterns of 
social and visual attention, endophenotypes relating to language processing have yet to be 
isolated.  Language impairment is common in ASD, although the severity ranges 
immensely (Tager-Flusberg, 2006).  Importantly, first-degree relatives also demonstrate 
increased rates of language and communication deficits, suggesting a presence of 
language-based endophenotypes at least in adults and older children (Lindgren et al., 
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2009; Ruser et al., 2007; Toth, Dawson, Meltzoff, Greenson, & Fein, 2007).  
Furthermore, children and adults with ASD often exhibit atypical neural response to 
linguistic stimuli (Kuhl, Coffey-Corina, Padden, & Dawson, 2005; Lepisto et al., 2005).  
Studies using a variety of imaging methodologies reveal atypical patterns of lateralization 
for language structures and function in individuals with ASD (Flagg et al., 2005; 
Kleinhans et al., 2008a; Knaus et al., 2010).  Functional neuroimaging has shown atypical 
lateralization of language areas in toddlers with ASD (Redcay & Courchesne, 2008), but 
it remains unclear at what age atypical lateralization manifests.  Specifically, it remains 
unknown whether or not atypical lateralization is present prior to the onset of behavioral 
symptoms, whether it acts as an endophenotype, and whether it has the potential to serve 
as a risk marker of ASD.    
Here, we recorded ERPs to speech in infants at risk for ASD in order to determine 
whether lateralization of response diverges from typical development in the first year of 
life.  The stimuli allowed us to simultaneously examine an important aspect of speech 
perception: phonemic perceptual narrowing.  Between 6 and 12 months, typically-
developing infants transition from perceiving all possible phonemic consonant contrasts 
to being able to distinguish only the subset used in their native language (Rivera-Gaxiola, 
Silva-Pereyra, & Kuhl, 2005b; Werker & Tees, 1984).  This perceptual reorganization 
can be predictive of later language ability (Kuhl et al., 2006, 2008) and may partially 
pave the way for subsequent language acquisition (Gervain & Werker, 2008).  It is 
commonly studied using an ‘oddball paradigm’ with a repeated standard syllable 
interspersed with a less-commonly presented deviant while recording behavioral or 
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electrophysiological response to this change.  Younger infants show increased response 
over an initial positive ERP component (P150) and a secondary negative component 
(N250) to the deviant relative to the standard regardless of whether the stimuli are used 
contrastively in their native language; by 10-13 months, this increase is restricted to 
deviant stimuli that are phonemically distinct from the standard in their native language, 
suggesting a perceptual loss of the irrelevant contrasts (Rivera-Gaxiola, et al., 2005).  
There is mixed evidence for whether older children with ASD show the appropriate 
‘lack’ of ability to distinguish non-native phonemic contrasts (Constantino et al., 2007; 
but see DePape, Hall, Tillmann, & Trainor, 2012), and the developmental trajectory of 
perceptual narrowing in infants at-risk for ASD remains unknown.  Importantly, in 
typical development this perceptual narrowing depends on exposure to and social 
engagement with a live speaker (Kuhl, Tsao, & Liu, 2003; Kuhl, 2007).  If individuals at 
risk for ASD are less engaged by social and linguistic stimuli during infancy, then they 
may be particularly susceptible to delay in experiencing this perceptual reorganization.  
We tested this hypothesis here by recording ERP response to native and non-native 
phonemic contrasts in our sample of high-risk infants.  We expect that any delay in 
perceptual narrowing would be reflected through continued ERP response to the non-
native contrast at 12 months in the high-risk infants.  If this is supported, it may reveal a 
potential ASD endophenotype relating to language processing. 
2.2 Methods 
 This IRB-approved study is part of a larger longitudinal investigation conducted 
at Children’s Hospital Boston and Boston University.  At 6, 9, and 12 months infants 
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participated in the speech ERP paradigm detailed below in addition to a battery of 
behavioral measures.   
2.2.1 Participants 
 Two groups of infants from monolingual, English-speaking households (English 
spoken ≥80% of the time) were enrolled.   Infants who had an older sibling with ASD 
(not due to a known genetic disorder; e.g., fragile X syndrome) were designated high risk 
(HRA).  The older siblings all received an expert clinical community diagnosis that was 
confirmed by study personnel using the Social Communication Questionnaire (SCQ; 
Rutter, Bailey, & Lord, 2004) or the Autism Diagnostic Observation Schedule – Generic 
(ADOS-G; Lord et al., 2000) for siblings older than 48 months.   Low-risk control infants 
(LRC) had at least one typically-developing older sibling and no known first-degree 
relatives with ASD or neurodevelopmental disorder, based on a detailed screening 
interview.  Infants were excluded if they had exposure to any language that uses the 
phonemic contrast investigated (e.g., Bengali or Hindi), gestational age less than 36 
weeks, known genetic disorder, or perinatal/postnatal medical or neurological problems.   
Usable data from at least one age (6, 9, or 12 months) was obtained from 108 
infants (62 HRA; 46 LRC).  Of these infants, 26 provided usable data at all three ages (14 
HRA; 12 LRC).  Information specific to each visit (including attrition details) is given in 
Table 2.1.  To assess the general cognitive profiles of these infants we administered a 
developmental assessment, the Mullen Scales of Early Learning (Mullen, 1995), at 
laboratory visits at both 6 and 12 months.  From the Mullen, a composite standard score 
(normative mean=100, SD=15) was calculated based on scores from the Fine Motor, 
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Visual Reception, Expressive Language, and Receptive Language subscales.  In line with 
other work on this population, we found no difference between groups (using 
independent-samples t-tests) on the composite standard score at 6 months (t(1,77)=.104, 
p=.786; LRC (n=36): mean=96.9, SD=11.6; for HRA (n=43): mean=97.2, SD=8.4), but 
by 12 months the HRA group scored significantly lower than the LRC group 
(t(1,93)=2.87, p=.005); LRC (n=37): mean=109.6, SD=11.9; HRA (n=58): mean=102.1, 
SD=13.2) although the means of both groups were in the average range. A similar profile 
was found when looking only at the infants who provided usable data at all three ages.  
In order to distinguish between high-risk infants who showed preliminary 
symptoms of ASD consistent with a diagnosis (affected infants) and those who did not 
(unaffected infants), the ADOS-G was administered at 24- and 36-month follow-up visits 
(although this data collection is currently ongoing and not all infants have reached these 
ages).  Fourteen HRA infants scored above ASD cutoff on the ADOS-G revised 
algorithm on at least one of these follow-up visits (5 of whom provided usable data at 6, 
9, and 12 months).  Two low-risk infants also scored above ASD cut-off on the ADOS-G 
at follow-up; these infants have been excluded from all analyses. Based on these ADOS-
G scores, we identified a subgroup of the HRA group, called ‘HRA-N’, comprised of 
only the unaffected high-risk infants who were not showing symptoms of ASD.  This 
subgroup allowed us to examine whether any atypical response found in the HRA group 
as a whole was present as well in this HRA-N group; if so, this would suggest the 
presence of an endophenotype.  Examination of the Mullen composite scores of the 
HRA-N group revealed similar means to the entire HRA group at both 6 (n=31; 
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mean=98.9; SD=17.8) and 12 months (n=45; mean=102.1; SD=11.8), and again they 
differed from the LRC group at 12 (p=.006) but not 6 months (p=.507). 
2.2.2 Stimuli 
Three consonant-vowel stimuli were presented to the infants: a voiced, 
unaspirated, retroflex stop (/ɖa/) – the standard; a voiceless, aspirated retroflex palatal 
stop (/ta/) – the native deviant; and a voiced, unaspirated dental stop (/da/) – the non-
native deviant.  English does not distinguish between the voiced retroflex and dental 
stops (although Bengali, for example, does), and thus adult monolingual English speakers 
are unable to distinguish the non-native deviant from the standard (both perceived as 
/da/).  In contrast, adult Bengali speakers and very young infants differentiate all three.  
Several repetitions of each stimulus were recorded by an adult female speaker of Bengali 
from which we extracted prototypical exemplars that were clearly identified by the 
speaker and another Bengali observer as belonging to the appropriate category.  Stimuli 
were normalized to the same root-mean-squared energy level and intensity. Using 
STRAIGHT (Kawahara, Masuda-Katsuse, & de Cheveigné, 1999), we extracted several 
stimulus parameters such as fundamental frequency, spectrogram and aperiodicity in 
order to re-synthesize the syllables.  Resynthesized stimuli were all matched on total 
duration (300ms), and the two voiced, unaspirated stimuli were matched on energy, 
spectral components, and fundamental frequency of the vowel segment. 
2.2.3 Procedure 
ERPs were recorded while infants sat on a parent’s lap in a sound-attenuated, 
dimly-lit room.  Stimuli were presented over two bilateral speakers at 80db using a 
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double-oddball paradigm based on Rivera-Gaxiola et al. (2005).  The standard stimulus 
was presented 80% of the time, while the native deviant and non-native deviant were 
each randomly presented 10% of the time.  We presented a maximum of 600 stimuli 
using a variable interstimulus interval (minimum 700ms post-stimulus recording period). 
To maintain infants’ interest and increase toleration of the electrode net, an experimenter 
was present and blew bubbles throughout the procedure.  On average, the procedure took 
approximately 15 minutes. 
2.2.4 Analysis of electrophysiological data 
 Continuous EEG was recorded using either a 64-channel Geodesic Sensor Net or 
a 128-channel HydroCel Geodesic Sensor Net (Electrical Geodesics Inc., Eugene, OR) 
referenced online to vertex (Cz)1.  The electrical signal was amplified with a NetAmp 
200 amplifier, filtered using a 0.1- to 100-Hz band-pass filtered, digitized at 250Hz, and 
stored on a computer drive before being processed offline using NetStation 4.4.1 software 
(Electrical Geodesics Inc.).  EEG was segmented into 800ms epochs starting 100ms 
before stimulus onset, digitally filtered using a 30-Hz low-pass elliptical filter, and 
baseline-corrected using mean voltage during the 100ms pre-stimulus baseline period.  In 
line with previous literature and to ensure that the signal-to-noise ratio was similar across 
conditions (standard, native deviant, non-native deviant) only those standard stimuli 
occurring immediately before a deviant stimulus were included (e.g., Ortiz-Mantilla, 
Hämäläinen, & Benasich, 2012; Rivera-Gaxiola et al., 2005b).  Segments were visually 
                                                
1 This was due to an equipment upgrade that occurred midway through the longitudinal study.  The 
amplifier, computer hardware/software, procedure, and testing room remained the same; only the net type 
changed.  See Table 2.1 for the number of subjects per group and age who wore the two types of nets. 
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examined for artifacts, and individual channels were marked as bad if contaminated by 
artifacts such as body-movement, eye-movement, eye-blinks, or off-scale activity.  If 
more than 15% of the channels in a given segment were marked as bad, that entire 
segment was excluded from analyses.  Again to obtain a similar signal-to-noise ratio 
across conditions, segments were excluded as needed (using random selection) in order to 
ensure that roughly equal numbers of trials (±5) per condition were analyzed within a 
given subject.  Participants with fewer than 10 acceptable segments in any condition were 
excluded from remaining analyses.  For remaining participants, the bad channels of 
accepted segments were replaced using spherical spline interpolation, then average 
waveforms for each condition were calculated and re-referenced to the average reference.  
This resulted in an average of 29.9 segments per condition (SD=11.2) at 6 months, 29.4 
(SD=11.3) at 9 months, and 28.4 (SD=10.3) at 12 months; these numbers did not differ 
across group (p>.20).  
Visual inspection of the grand-averaged waveforms revealed an initial anterior-
maximal positive inflection (P150) peaking between 150 and 300ms after stimulus onset, 
followed by a later negative-going slow wave (here called the LSW) over the second half 
of the epoch (300 to 700ms), in line with previous work (Ortiz-Mantilla, et al., 2012; 
Rivera-Gaxiola, et al., 2005).  Previous work on this age range has reported this 
negativity as either a distinct negative component (N250) when referencing to the 
mastoids or as a more sustained negativity when using an average reference, as we did 
here (e.g., Ortiz-Mantilla et al., 2012; Rivera-Gaxiola et al., 2005b; Zhang et al., 2011).  
Based on previous literature in addition to visual inspection of the grand-averaged 
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waveforms, we focused our analyses on data collected from electrodes over frontal and 
central/temporal regions.   As is the standard when analyzing data collected from high-
density electrode nets, we grouped individual electrodes into regions of interest (ROIs; 
Dien & Santuzzi, 2004).  We calculated two separate ROIs over each hemisphere, 
resulting in four total ROIs.  The first two ROIs were comprised of four frontal electrodes 
each (with 10-10 international coordinates of F1, F3, F7, AF3 on the left; F2, F4, F8, AF4 
on the right), and the other two comprised of four central electrodes each (FC1, FC5, C3, 
C5 on the left; FC2, FC6, C4, C6 on the right; Figure 2.1). 
For the P150, we analyzed maximum amplitude and latency to the peak within the 
time period.  Average amplitude over this time was also analyzed and provided similar 
results to maximum amplitude so it is not discussed here.  As the LSW was not 
characterized by a single distinctive peak, only average amplitude was analyzed.   
2.5 Statistical analysis 
 For this study, we were interested in addressing whether HRA infants differ from 
LRC infants at 6, 9, and 12 months in their processing of native and non-native phonemes 
or in their lateralization of response to these phonemes.  Additionally, we were interested 
in looking at the developmental change in response over these ages and whether HRA 
infants differ from LRC infants in the trajectories of their ERPs. 
In order to answer these questions, we first we ran cross-sectional three-way 
repeated-measures ANOVAs using condition (standard, native deviant, non-native 
deviant) and hemisphere (left versus right) as within-subjects factors and group (LRC 
versus HRA) as a between-subjects factor.  Separate analyses were run for each age (6, 9, 
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and 12 months), component (P150 and LSW), and scalp region (frontal and central).    
Greenhouse-Geisser corrections were applied as needed, and α=.05 was used throughout.  
Significant main effects and interactions were examined further using either reduced 
repeated-measures ANOVAs, independent-sample t-tests, or paired-sample t-tests as 
appropriate. Bonferroni corrections were applied as needed.  Type of net (64-channel 
Geodesic Sensor Net versus 128-channel HydroCel Geodesic Sensor Net) was used as a 
covariate in these analyses. 
Next, in order to look at developmental patterns of change within infants over 
time, we then ran longitudinal analyses on the subset of 26 infants (14 HRA and 12 LRC) 
who contributed usable data at all three time-points (6, 9, and 12 months).  Specifically, 
we ran four-way repeated-measures ANOVAs using condition (standard, native deviant, 
non-native deviant), hemisphere (left versus right), and age (6, 9, 12 months) as repeated-
measures factors and group (LRC versus HRA) as a between-subjects factor.  As in the 
cross-sectional analyses, we applied Greenhouse-Geisser corrections as needed.  We 
followed up significant effects using reduced repeated-measures ANOVAs, independent-
samples t-tests, or paired-samples t-tests as appropriate and applied Bonferroni 
corrections as needed.  We maintained α=.05 throughout; however, because of the 
reduced sample size for these analyses, we also reported any effects that were trending 
towards significance (p<.10).  
Furthermore, since we were particularly interested in determining whether 
differences between the LRC and HRA groups reflected ASD endophenotypes or 
whether they were primarily driven by infants who ultimately receive a diagnosis of 
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ASD, we performed an additional set of follow-up tests on all analyses (both cross-
sectional and longitudinal) that revealed significant main effects of or interactions with 
group.  In these follow-up tests, we excluded any infant who showed behavioral 
symptoms of ASD at 24 or 36 months; therefore, these tests focused specifically on 
differences between LRC infants and the unaffected HRA-N subgroup only.  If a group 
difference reflects an underlying trait specific to a clinical diagnosis of ASD, then we 
expect the effects to disappear under these comparisons (since any infant with a possible 
ASD diagnosis has been removed).  In contrast, if a group difference reflects an 
endophenotype of ASD, then we expect it to be present in unaffected infants (HRA-N 
group) in addition to affected infants.  In this case, we would expect group effects to 
persist even after the removal of those infants exhibiting symptoms of ASD. 
2.3 Results 
 Waveform graphs for cross-sectional analyses are given in Figure 2.2; waveform 
graphs for longitudinal analyses are given in Figure 2.3. 
2.3.1 Cross-sectional: P150 – frontal 
 Over frontal electrodes, the P150 revealed a main effect of condition at every age 
for amplitude (6mo: F(2,108)=5.23, p=.009; partial η2=.088; 9mo: F(2,148)=4.01, 
p=.021; partial η2=.051; 12mo: F(2,132)=4.79, p=.010; partial η2=.068) and at 6 and 9 
months for latency (6mo: F(2,108)=4.03, p=.021; partial η2=.069; 9mo: F(2,148)=5.49, 
p=.005; partial η2=.069); see Table 2.2 for descriptive statistics.  There were no main 
effects of group, and no interactions between group and condition at any age (all p>.10).   
Follow-up comparisons of the main effect of condition revealed that, at 6 and 9 
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months, the amplitudes of both the native and non-native deviants were significantly 
more positive than the standard (both p<.05), and that the deviant amplitudes did not 
differ from each other (both p>.10).  In contrast, at 12 months the maximum amplitude of 
the non-native deviant and standard were no longer distinguishable (p=.859), while 
amplitude of the native deviant remained significantly more positive than both of the 
others (both p<.05).  Follow-up tests for latency to the peak revealed faster response to 
the native deviant than both the non-native and standard at 6 months (both p<.05).  At 9 
months, response to the native deviant was significantly faster than to the non-native 
deviant (p=.006), although neither deviant response was significantly faster than to the 
standard (both p>.10). 
2.3.2 Cross-sectional: P150 – central/temporal 
Analysis of maximum amplitude at 6 months revealed a condition by group 
interaction (F(2,110)=3.37; p=.039; partial η2=.059).   Follow-up analyses revealed that 
the LRC group did not show significantly different amplitudes across conditions (p>.10), 
whereas the HRA group showed significantly more positive response to both deviants 
relative to the standard (both p<.05).  When analyses focused instead on LRC versus 
HRA-N groups, this group by condition interaction remained (F(2,94)=3.072, p=.052).  
There were no significant group effects at either 9 or 12 months.  Analyses at 9 months 
revealed a main effect of condition (F(2,148)=4.09, p=.024; partial η2=.052) such that 
responses to both deviants were significantly more positive than to the standard (both 
p<.05), but that the deviants did not differ from each other (p=1.00).  At 12 months, there 
were no effects of condition or group, but there was a main effect of hemisphere 
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(F(1,66)=6.66, p=.012; partial η2=.092) with left more positive than right.   
Analysis of latency revealed a main effect of condition at all three ages (6mo: 
F(2,108)=7.44, p=.001; partial η2=.121; 9mo: F(2,148)=10.77, p<.001; partial η2=.127; 
12mo: F(2,132)=5.04, p=.008; partial η2=.071).  At all ages, response to the native 
deviant was faster than to both the standard and the non-native deviant (p<.01 for all), 
while the non-native deviant and standard did not differ from each other (all p>.10).  
Furthermore, there was a main effect of hemisphere at all three ages (6mo: 
F(1,54)=13.30, p=.001; partial η2=.198; 9mo: F(1,74)=8.57; p=.001; partial η2=.104; 
12mo: F(1,66)=6.81, p=.011; partial η2=.094) with the right hemisphere peaking faster 
than the left.  There were no other main effects or interactions. 
2.3.3 Cross-sectional: LSW – frontal 
 There were no significant effects or interactions at 6 or 12 months.  Analyses at 9 
months revealed a main effect of condition (F(2,148)=3.35, p=.04; partial η2=.043), 
where response to the standard was more negative than to the non-native deviant (p<.05). 
There were no other main effects or interactions.   
2.3.4 Cross-sectional: LSW – central/temporal 
 Analyses at 6 months revealed no significant main effects or interactions.    
Analyses at 9 and 12 months indicated no significant effects of condition, but revealed 
significant group by hemisphere interactions (9 months: F(1, 74)=10.38; p=.002; partial 
η2=.123; 12 months: F(1,67)=4.45; p=.039; partial η2=.063).  Follow-up analyses 
revealed that group by hemisphere interactions at both ages were driven by more negative 
response over the right hemisphere than the left in the LRC group (9 months: p=.006; 12 
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months: p=.013; see Figure 2.3), and no significant difference between hemispheres in 
the HRA group (9 months: p=.196; 12 months: p=.882).  Comparison between LRC and 
HRA-N groups revealed similar interactions, with the HRA-N group showing no 
difference between hemispheres at either age (9 months: p=.269; 12 months: p=.801; 
Figure 2.4).  
2.3.5 Longitudinal: P150 – frontal 
 The four-way ANOVA looking at maximum amplitude revealed a main effect of 
condition (F(2,48)=7.14, p=.002; partial η2=.229). Paired-sample t-tests indicated that, 
across the three ages, amplitudes to both deviants were larger than to the standard (both 
p<.05) and that the deviants did not differ from each other (p=1.00).  Furthermore, 
analyses revealed a trend towards a main effect of group (F(1,24)=2.96, p=.098; partial 
η2=.110) which indicated larger amplitude response in the LRC than the HRA infants.  
When comparing between LRC and HRA-N, this effect of group was no longer trending 
towards significance (F(1,19)=1.33, p=.263; partial η2=.065). 
 Analysis of latency revealed a main effect of age (F(2,48)=9.11, p=.001; partial 
η2=.275).  Paired-sample t-tests revealed that response by 12 months was faster than 
response at 6 months (p=.001) and there was a trend towards response being faster at 12 
than at 9 months (p=.076).  Additionally, we found main effects of condition 
(F(2,48)=7.21, p=.002; partial η2=.231) and group (F(1,24)=4.22, p=.051; partial 
η2=.150), which were modulated by a significant group by hemisphere by condition 
interaction (F(2,48)=3.65, p=.035; partial η2=.132).  
 Follow-up analyses of this three-way interaction revealed that (collapsed across 
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ages) this effect was driven by HRA infants showing faster response to the standard 
stimulus over the right hemisphere than the left (p=.002). Both groups of infants showed 
significant effects of condition over the right hemisphere only.  Over the right 
hemisphere, both groups showed faster response to the native deviant relative to the 
standard (LRC: p=.008, HRA: p=.029) in addition to the HRA group showing a trend 
towards faster response to the standard relative to the non-native deviant (p=.063).  
However, looking just at HRA-N infants, we no longer found a significantly faster 
response to the standard in the right than in the left hemisphere (p=.105), although now 
the HRA-N group showed a faster response to native deviant relative to both other stimuli 
(both p<.05). 
2.3.6 Longitudinal: P150 – central/temporal 
 Analysis of amplitude revealed main effects of age (F(2,48)=4.06, p=.025; partial 
η2=.145) such that response was less positive at 12 months than at 6 months (p=.027).  
Additionally, we found a trend towards a main effect of group (F(1,24)=3.70, p=.066), 
with more positive response in the LRC than the HRA group.  This effect was no longer 
significant when looking at HRA-N versus LRC (F(1,19)=2.04, p=.170; partial η2=.097).  
Furthermore, a main effect of condition (F(2,48)=8.33, p=.001; partial η2=.258) was 
modulated by an interaction with hemisphere (F(2,48)=6.75, p=.004; partial η2=.220).  
 Follow-up analyses of the condition by hemisphere interaction revealed that, 
across ages and group, there was a trend towards larger response to the non-native 
deviant in the right hemisphere than left (p=.057) and a significantly larger response to 
the native deviant in the left hemisphere than right (p=.005).  Interestingly, in the left 
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hemisphere response to the native deviant was larger than to either the standard (p=.002) 
or the non-native (p=.038), and response to the standard and non-native deviant did not 
differ from each other (p=.953).  In the right hemisphere, there was a trend towards larger 
response to the deviant than the standard (p=.077), and a significantly larger response to 
the non-native deviant than the standard (p=.002).  Response to the native and non-native 
deviants did not differ (p=.492). 
 Analysis of latency revealed main effects of condition (F(2,48)=10.31, p<.001; 
partial η2=.300), age (F(2,48)=11.08, p<.001; partial η2=.316), and hemisphere 
(F(1,24)=9.37, p=.005; partial η2=.281).  Specifically, response was faster to the native 
deviant than to either the non-native deviant or the standard (both p<.05)  and was faster 
over the right hemisphere than the left.  Developmentally, response was faster at 12 
months than at either 6 or 9 months (both p<.05); latency did not differ between 6 and 9 
months (p>.10).   
2.3.7 Longitudinal: LSW – frontal 
 Analyses revealed a main effect of age (F(2,48)=4.30, p=.020; partial η2=.152) 
such that response at 12 months was more negative than response at 6 months (p=.032).  
Additionally, there was a significant main effect of group (F(1,24)=4.54, p=.044; partial 
η2=.159) indicating a more negative overall response in the HRA group than the LRC 
group.  The group effect was no longer significant when looking at HRA-N versus LRC 
(F(1,19)=2.57, p=.126; partial η2=.119). 
2.3.8 Longitudinal: LSW – central/temporal 
 Analysis of mean amplitude revealed main effects of age (F(2,48)=3.83, p=.029; 
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partial η2=.138), hemisphere (F(1,24)=4.65, p=.041; partial η2=.162), and group 
(F(1,24)=4.69, p=.040).  These main effects were modulated by a series of significant 
(hemisphere by condition, F(2,48)=4.49, p=.021; partial η2=.158) and trending-towards-
significant interactions (age by condition by group, F(4,96)=2.41, p=.070; partial 
η2=.091; age by hemisphere by group, F(2,48)=2.83, p=.076; partial η2=.106), including a 
significant 4-way interaction (F(4,96)=2.76, p=.044; partial η2=.103). 
 In order to begin to interpret this four-way interaction and to better understand the 
patterns of response, we first looked separately at the effects within each group by 
running reduced repeated-measures ANOVAs (age by condition by hemisphere). In the 
LRC infants, we found a main effect of hemisphere (F(1,11)=5.024, p=.047), modulated 
by a trend towards a significant hemisphere by age interaction (F(2,22)=3.084, p=.085).  
Specifically, response was more negative over the right hemisphere at 9 (p=.017) and 12 
months (p=.032). In contrast, in the HRA infants we found only a main effect of age 
(F(2,26)=4.70), p=.028), with more negative response at both 9 (p=.015) and 12 months 
(p=.040) relative to 6 months.  In these infants, there was no difference between response 
at 9 and 12 months (p=1.00).  Next, we looked separately at the effects within each 
hemisphere and found an interaction between condition, age, and group within the left 
hemisphere (F(4,96)=3.50, p=.017) but not the right hemisphere (p>.10).  Specifically, 
this was driven by HRA infants showing a less negative response to the native deviant 
relative to the non-native (p=.043) at 6 months in the left hemisphere.  LRC and HRA 
infants did not differ in their response to the three stimuli within the left hemisphere at 9 
or 12 months; however, HRA infants showed significantly more negative response than 
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the LRC at both ages (9 months: p<.001; 12 months: p=.042).  Finally, looking separately 
at response to each condition, it appears that the lateralization of response between 
groups differed most in response to the standard than to the other stimuli.   
Comparison of the LRC infants against only the unaffected HRA-N infants 
maintained many of the same effects and interactions (at least as trends); however, 
interestingly the four-way interaction and the interactions between hemisphere and group 
disappeared.  Remaining main effects and trends included age (F(2,38)=2.56, p=.096), 
hemisphere (F(1,19)=3.26, p=.087), and group (F(1,19)=4.16, p=.056), modulated by a 
marginally significant hemisphere by age interaction (F(2,38)=3.345, p=.052), a trend 
towards a significant hemisphere by condition interaction (F(2,38)=2.99, p=.075), and a 
significant age by group by condition interaction (F(4,76)=2.89, p=.048). The age by 
hemisphere interaction was driven by more negative response over the right hemisphere 
than the left at 9 months (p=.011) and a trend towards this effect at 12 months (p=.059). 
The three way interaction appeared to be driven by HRA-N infants showing a more 
native response to the standard than the native stimulus at 6 months (p=.026), and neither 
the HRA-N or LRC showing condition effects at any other age. 
2.4. Discussion 
In this study we examined the electrophysiological response to native and non-
native speech in infants at risk for ASD (HRA) at 6, 9, and 12 months.  We were 
interested in identifying possible early ASD endophenotypes, or traits that are linked to 
genetic risk ASD and thus are present in both unaffected and affected genetically high-
risk individuals, as they related to the three main goals of our study.  First, we were 
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interested in examining whether there were differences in HRA infants’ ERPs to speech 
in general relative to typically developing low-risk infants (LRC).  Second, we were 
interested in examining whether HRA infants showed delayed phonemic perceptual 
narrowing to non-native speech contrasts.  Finally, we were interested in whether HRA 
infants displayed atypically lateralized ERPs to speech in the first year of life. 
 To answer this series of questions, we analyzed our data cross-sectionally to 
obtain a clear picture of what is going on at each of the three ages, and then analyzed a 
smaller sample longitudinally to look at developmental trajectories between 6 and 12 
months.  Because of the reduced sample that had complete data at all three ages, we 
reported both significant effects and trending effects (p<.10) for the longitudinal analyses 
and so the findings relating to those data should be considered somewhat preliminary. 
Our analyses focused on two components over frontal and central groups of 
electrodes: an initial positivity peaking between 150 and 300ms (P150), and a negative-
going later slow wave (here called LSW).  In general, the P150 decreased in latency 
between 6 and 12 months and, over central electrodes, also decreased in amplitude 
(amplitude becoming less positive).  Over central electrodes, the P150 also peaked more 
quickly over the right hemisphere than the left across ages.  The mean amplitude of the 
LSW, in contrast, grew larger (more negative) between 6 and 12 months. 
In terms of general ERP response, our longitudinal analyses found either trends or 
significant group differences in the overall amplitudes of both components across ages.  
Specifically, there was a non-significant trend such that the maximum amplitude of the 
P150 was smaller in the HRA group than the LRC group.  Additionally, the mean 
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amplitude of the LSW was significantly larger (more negative) in the HRA than the LRC 
group.  Interestingly, however, these effects tended to disappear when we removed the 
five infants with a preliminary positive ASD diagnosis, suggesting that this small group 
of infants may have been at least partially driving these effects. 
Phonemic perceptual narrowing was primarily captured in the maximum 
amplitude of the P150 over frontal electrodes.  Cross-sectional analyses revealed that 
LRC infants showed more positive amplitude to both native and non-native deviants 
relative to the standard at 6 and 9 months; however, by 12 months only the response to 
the native deviant was more positive than the standard, suggesting that infants were 
possibly no longer behaviorally perceiving the non-native contrast.  Neither cross-
sectional nor longitudinal analyses revealed group differences in frontal P150 amplitude 
to these contrasts across time (although longitudinal analyses did not capture a condition 
by age interaction, possibly due to the subtlety of this effect combined with the small 
longitudinal sample size).  However, longitudinal analyses suggested that, when 
collapsed across ages, HRA infants, unlike LRC infants, showed a faster response to the 
standard stimulus over the right hemisphere than the left and had a trend towards a 
slightly different overall pattern of response to the three stimuli over the right hemisphere 
than the LRC infants.  This atypical pattern, which was only evident when collapsing 
across the three ages, disappeared when removing the infants with a preliminary positive 
ASD diagnosis, suggesting that it is not present as a broader endophenotype and may 
have been driven by atypical response in the diagnosed group. 
Response over the central electrodes revealed a slightly different pattern than over 
  
32 
frontal electrodes.  Cross-sectionally, the P150 of HRA infants showed an effect of 
condition at 6 months; in contrast, the LRC infants showed no effect of condition at 6 
months over central electrodes.  No group differences were found at either 9 or 12 
months.  Furthermore, longitudinal analyses of the LSW revealed somewhat different 
patterns and trajectories of response to the three conditions in LRC versus HRA infants 
over these electrodes.  These differences appear possibly to be more strongly linked to 
response over the left hemisphere than the right hemisphere; however the exact patterns 
of response are somewhat inconsistent.  The atypical patterns of P150 and LSW response 
over temporal electrodes are somewhat challenging to interpret, due in part to their 
inconsistencies, although they could possibly indicate some degree of atypical speech 
processing or even atypical organization of the neural networks driving the components 
over these electrode sites.  However, as mentioned earlier, the longitudinal analysis 
included only a small subset of our larger sample, and several of the reported findings 
were only trending towards significance.  Thus, interpretation of these results should be 
made cautiously and must extend to a larger sample before we can draw firm conclusions 
about these results. 
Overall, while we did find some atypical patterns of response to the three 
conditions, possibly indicating some degree of atypical processing, we found little 
evidence that would suggest delayed perceptual narrowing in the HRA group.  
Specifically, the maximum amplitude of the P150 over frontal electrodes, which most 
clearly captured the process of perceptual narrowing in LRC infants, revealed little 
difference in response between LRC and HRA infants. 
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In contrast, when examining patterns of lateralization to these speech sounds, we 
found clearer evidence for atypical response in the HRA infants as evident most strongly 
by the mean amplitude of the LSW over central electrodes.  Cross-sectional analysis of 
the LSW revealed that LRC infants exhibited asymmetric response at both 9 and 12 
months, whereas HRA infants failed to do so at either age.  Follow-up cross-sectional 
analyses suggested that this lack of asymmetry was present in the subset of unaffected 
HRA infants as well as in the larger group, suggesting that the lack of asymmetry early in 
life may be characteristic of an ASD endophenotype.  The difference in lateralization 
between LRC and HRA infants was further confirmed by longitudinal analyses, which 
suggested that LRC infants had a more negative response over the right hemisphere than 
the left hemisphere (possibly developing between 6 and 12 months, although the 
interaction with age was not fully significant).  In contrast, HRA infants showed no 
differences in their response across hemispheres.  Interestingly, however, longitudinal 
comparisons of just the LRC and unaffected HRA-N failed to detect group differences in 
asymmetry.  This raises the possibility that atypical asymmetry might be stronger or more 
consistent in the affected infants as they may have been driving the longitudinal result.  
However, as noted several times, the longitudinal analyses are much reduced in sample 
size and should be considered only preliminary; thus, the lack of atypical asymmetry in 
the longitudinal HRA-N analyses does not necessarily indicate that the effect is not truly 
there, especially when considered in the conjunction with significant group differences at 
both 9 and 12 months in the larger cross-sectional analyses.   
Our findings have several implications for the early development of ASD and for 
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the possible identification of endophenotypes of the disorder.   
First, consider our general findings of atypical ERP amplitudes.  Interestingly, the 
main group effects that were found were in the same direction as general developmental 
effects (P150 was less positive in HRA than LRC, also P150 became less positive 
between 6 and 12 months; LSW was more negative in HRA than LRC, also LSW became 
more negative between 6 and 12 months).  Furthermore, these effects were not present 
when comparing only the group of unaffected infants against the LRC infants, suggesting 
that the atypical amplitude is not present in the broader group of at-risk but unaffected 
infants.  There are several possible disrupted neural processes that may affect amplitudes 
of the affected infants, for example, atypical neural overgrowth (Courchesne, Carper, & 
Akshoomoff, 2003).  However, because our sample of diagnosed infants was quite small 
(and the P150 effects were trends), we will refrain from interpreting these results further 
until they can be replicated with a larger group.  
Next, consider our lack of evidence for delayed phonemic perceptual narrowing in 
the HRA (and specifically HRA-N) infants.  This suggests that delay in losing the ability 
to perceive speech sounds irrelevant to an infant’s native language may not be an 
endophenotype of ASD in infancy.  This is not necessarily unexpected, as the 
development of this aspect of speech perception is thought to depend on social and active 
engagement with speakers, and current findings suggest that overall, HRA infants show 
few if any specific impairments in social behavior in the first year of life (Kuhl, 2007; 
Ozonoff et al., 2008a, 2010).  However, a different trajectory may be present in the group 
of infants who do ultimately develop ASD.  As already mentioned, our current sample 
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size does not allow for the statistical power necessary for examining this group of 
positive-outcome infants separately, so at this time we cannot rule out the possibility that 
perceptual narrowing is delayed in those infants.  Infants who do develop ASD may very 
well have atypical response, particularly in the small subset of infants who may show 
relatively earlier onset of ASD symptoms and lack of interest in social or linguistic 
stimuli before the first birthday (Landa, Holman, & Garrett-Mayer, 2007; Ozonoff et al., 
2008a).  As our diagnosed group increases in size we will revisit this question in the 
affected infants, but for now we do not have evidence of delayed perceptual narrowing in 
at least the unaffected infants.  
Next, consider the findings that, over the central region of interest, the mean 
amplitude of the LSW did not differ over the left versus right hemisphere in HRA infants, 
unlike LRC infants who showed a lateralized response.  This is in line with findings from 
toddlers and adults with ASD and may suggest the existence of atypical neural 
organization of language areas, even in these unaffected infants, over the first year of life.  
There is fairly robust evidence for atypical lateralization of the perisylvian cortex in older 
children and adults with ASD (e.g., De Fosse et al., 2004; Flagg et al., 2005; Herbert et 
al., 2002, 2005; Kleinhans et al., 2008a). Furthermore, atypical lateralization of language 
networks may be an endophenotype of ASD later in life, as preliminary evidence for it 
has been reported at least to some degree in both unaffected relatives of individuals with 
ASD (Wilson, et al., 2012) and in members of the general public who have elevated but 
non-clinical levels of autistic traits (Lindell, Notice, & Withers, 2009).  Recent work 
suggests that this atypical organization is present from at least the second year of life in 
  
36 
toddlers with ASD (Dinstein et al., 2011; Eyler, Pierce, & Courchesne, 2012; Redcay & 
Courchesne, 2008); however, these studies have focused on infants and toddlers who 
were already showing symptoms of ASD.  In contrast, here we have evidence that 
atypical lateralization to speech extends beyond those toddlers who are diagnosed with 
ASD and is present (at least based on our cross-sectional analyses) in unaffected yet 
genetically at-risk infants as well.  Furthermore, our data suggest that atypical 
lateralization is present even earlier than 12 months of age and therefore may exist in 
those infants who do ultimately receive a diagnosis even before the onset of clear 
behavioral symptoms.  
Atypical lateralization to language in older infants and toddlers with ASD has 
been theorized to be due to a failure of regions of the left hemisphere, possibly the 
superior temporal gyrus, to respond adequately to linguistic stimuli and to specialize to 
language (Eyler et al., 2012).  Researchers have hypothesized that this atypicality is 
possibly genetic since it is present in toddlers right at the age where they can first be 
diagnosed.  The presence of atypical lateralization during the first year of life in our data 
provides some credence for that theory, especially since our findings were present in 
unaffected infants. These infants are, for the most part, attending to social stimuli and 
acquiring language at rates within the population averages, and so it is unlikely that 
asymmetries arose in these infants due to a severe lack of attention to linguistic input.  
However, future work may want to examine attention to linguistic stimuli and asymmetry 
of neural response within individual high-risk infants to see if there is a predictive 
relationship in this population.  In preschoolers, there is evidence for a relationship 
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between having a preference for non-social auditory stimuli and dampened lateralization 
of ERP response (Kuhl et al., 2005), and it may also be the case in HRA infants. 
 However, in our discussion of atypical lateralization of language networks as an 
endophenotype of ASD, it should be noted that this phenomenon is certainly not specific 
to ASD (or even to those genetically at risk for ASD) and evidence of atypical 
asymmetry to linguistic or auditory stimuli has been reported in individuals with a variety 
of complex neurological disorders, including specific language impairment, 
schizophrenia, and developmental stuttering (Jäncke, Hänggi, & Steinmetz, 2004; Shafer 
et al., 2001; Sommer, Ramsey, Kahn, Aleman, & Bouma, 2001).  Thus, atypical 
lateralization to language, on its own, is unlikely to distinguish infants at risk for ASD 
from other high-risk or neurologically atypical populations. 
Furthermore, while there is some evidence that the early development of ASD 
involves neural atypicalities that appear specific to language processing, it should be 
pointed out that non-linguistic atypical asymmetries have been reported as well.  For 
example, HRA infants do not demonstrate asymmetric ERP response to either faces or 
objects at 10 months (McCleery et al., 2009) and behaviorally fail to develop a left 
visual-field bias between 6 and 12 months when looking at faces (Dundas, Gastgeb, & 
Strauss, 2012).  Since only speech stimuli were used in our study, it is not possible to 
determine whether the atypical asymmetry of the HRA group occurs with linguistic 
stimuli only or whether it would be found in response to other types of stimuli, including 
non-linguistic auditory stimuli.  Future work may want to explore response to other 
stimuli to determine the specificity of this finding and examine asymmetries across 
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domains within the same infants.  In particular, it would be interesting to look at the 
development of lateralized (or non-lateralized) response to both speech and faces within 
individual infants.  It may be the case that failure to develop lateralized response to both 
speech and faces may have more predictive value for future ASD diagnoses than would 
atypical lateralization to only one of those domains (which both appear to occur in HRA 
infants as a group to at least some degree, regardless of future diagnosis).   
The examination of cross-domain asymmetries within individual infants 
approaches the concept of developing a cumulative risk model for ASD.  Specifically, it 
is hoped that the identification of multiple potential endophenotypes of ASD in infancy 
may allow us to ideally examine whether the presence of several of these traits together 
might predict whether an infant will ultimately receive a clinical diagnosis of ASD 
(Tager-Flusberg, 2010; Walsh, et al., 2011).  In contrast, the presence of a lower number 
of endophenotypes may predict that that infant will not go on to receive a clinical 
diagnosis.  Here, we have some evidence that atypical asymmetry to speech may be a 
possible endophenotype of ASD in infancy.  Future work will expand the current sample, 
particularly the affected infants, and follow trajectories of lateralization of response in 
order to more closely explore the possibility that it may be an endophenotypes of ASD 
over the first year of life.  With the expanded sample of infants, we will also further 
examine the very preliminary possibility raised by our data that infants who ultimately 
receive a diagnosis of ASD have atypical amplitudes of response to speech between 6 and 
12 months. 
In addition to issues related to sample size, our study does have some limitations 
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that are an issue with all current infant sibling research.  Specifically, the early trajectory 
of ASD is notoriously inconsistent, particularly in this high-risk sample, and diagnoses 
may not stabilize until 36 months or later (Landa, 2008; Turner & Stone, 2007).  Our data 
collection is ongoing and not all subjects included here have reached 36 months.  
Therefore, our current grouping decision for HRA-N versus ASD should not be taken as 
a firm static ASD diagnosis, but rather as a means of identifying infants who display 
symptoms of ASD as toddlers.  Future work will revisit our grouping classifications once 
all infants have reached the appropriate age and are able to be diagnosed more with more 
confidence. 
2.5. Conclusions 
Overall, we have new evidence for a possible ASD endophenotype: atypical 
lateralization of ERP response to speech in infancy.  We also have preliminary evidence 
suggesting that phoneme acquisition appears intact at least in the at-risk infants as a 
group.  Future work will look more closely at the infants who ultimately develop ASD to 
examine whether atypical ERPs to speech distinguish them from high-risk infants who do 
not develop ASD.  
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Table 2.1 Characteristics of participants 
 
 
 
Total
HRA LRC
Overall sample
N 62 46 108
Male: Female 32:30 21:25 53:55
N with positive ADOS at 24 or 36 months 14 2 16
Subjcts with accepted data at all three ages
N 14 12 26
Male: Female 7:7 5:7 12:14
N with positive ADOS at 24 or 36 months 5 0 5
Breakdown by visit
6 mo visit 
N 29 30 59
Age days (SD) 189.2 (9.6) 189.8 (11.4)
Male: Female 13:16 15:15 28:31
Number with positive ADOS at follow-up 7 2 9
Geodesic sensor net:Hydrocel sensor net 18:11 18:12 36:23
9 mo visit 
N 45 32 77
Age days (SD) 278.1 (8.5) 277.8 (6.9)
Male: Female 25:20 13:19 38:39
Number with positive ADOS at follow-up 9 0 9
Geodesic sensor net:Hydrocel sensor net 28:17 23:9 51:26
12 mo visit
N 43 27 70
Age days (SD) 374.5 (10.2) 371.8 (9.8)
Male: Female 21:22 11:16 32:38
Number with positive ADOS at follow-up 12 1 13
Geodesic sensor net:Hydrocel sensor net 29:14 17:10 46:24
Table 2.1 
Characteristics of participants included in analyses.  Additional infants were tested at 6 (12 
HRA, 9 LRC), 9 (3 HRA, 5 LRC), and 12 months (13 HRA, 9 LRC) but not included due to 
refusal to wear the ERP net, becoming too fussy after an initial visual ERP task, not providing 
enough artifact-free data due to excessive movement or fussiness,  excessively noisy data 
after editing, experimenter/equipment error, or exposure to Hindi.
Group
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Figure 2.1 Electrode groupings 
Figure 2.1. Electrode groupings used for the 64-channel Geodesic Sensor Net (on 
left) and the 128-channel HydroCel Sensor Net (on right). The frontal regions of 
interest (ROI) consisted of electrodes F1, F3, F7, AF3 on the left and F2, F4, F8, AF4 
on the right. Central regions of interest consisted of FC1, FC5, C3, C5 on the left and 
FC2, FC6, C4, C6 on the right.
Left frontal 
Right frontal 
Left central 
Right central 
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Figure 2.2 Waveform 
Figure 2.2 Grand-averaged waveform graphs at each age for LRC (two columns on left) and HRA groups 
(two columns on right). a) Waveforms averaged over frontal electrodes.  The left frontal ROI is the average 
of electrode sites F1, F3, F7, AF3; the right frontal ROI is the average of electrode sites F2, F4, F8, AF4. b) 
Waveforms averaged over temporal/central electrodes.  The left central ROI is the average of FC1, FC5, C3, 
C5; the right temporal/central ROI is the average of electrode sites FC2, FC6, C4, C6.for all participants 
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Figure 2.3 Grand-averaged waveform graphs at each age for infants who contributed usable data at all 
three ages. LRC (N=12) is depicted in the two columns on the left, and HRA (N=14) is in the two columns on 
the right. a) Waveforms averaged over frontal electrodes. b) Waveforms averaged over temporal/central 
electrodes. longitudinal sample 
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Figure 2.4 Amplitude of the LSW by group and hemisphere 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 
Average amplitude of the LSW over left (solid) and right (striped) hemispheres 
for each group and age. 
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CHAPTER 3: Phonemic perceptual narrowing and lateralization of neural response 
to speech in the early development of ASD 
3.1 Introduction 
Autism spectrum disorder (ASD) is typically not diagnosed until toddlerhood or 
later (Mandell et al., 2005), and as a result individuals with ASD often miss opportunities 
for therapy or treatment during the first few years of life.  A better understanding of the 
very early development of ASD may make it easier to identify infants and young toddlers 
who will develop ASD, ultimately helping to provide targeted access to treatment as early 
as possible (Dawson, 2008; Zwaigenbaum, Bryson, & Garon, 2013).  Recent work 
suggests that infants who later receive a diagnosis of ASD exhibit behavioral symptoms 
emerging at some time around 12 months of age (Mitchell et al., 2006; Rogers, 2009) and 
subtle atypical processing, interactional, and neurological characteristics even earlier over 
the first year of life (for review, see Jones et al., 2014).  Many of these subtle traits 
(‘endophenotypes’) are present also in infants who have a family history of ASD (HRA) 
but who do not develop the disorder (e.g., de Klerk et al., 2014; Georgiades et al., 2013; 
Ozonoff et al., 2014; Tierney et al., 2012), making it even more difficult to identify 
infants who will develop ASD when looking within populations of high-risk infants than 
in the general population (Macari et al., 2012; Mitchell, Cardy, & Zwaigenbaum, 2011).  
Despite this difficulty, researchers are beginning to identify group-level characteristics 
that differ between high-risk infants who develop ASD and high-risk infants who do not 
(Chawarska et al., 2013; Jones & Klin, 2013; Shic, Macari, & Chawarska, 2013), and it is 
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hoped that continued identification  and understanding of group differences will 
ultimately allow for accurate prediction of whether individual infants will go on to 
develop ASD.  Here, we examine infants’ electrophysiological response to speech in 
order to determine whether this is atypical in infants who develop ASD relative to both 
HRA infants who do not and low-risk infants in the general population.  We focused 
specifically on two potential factors that may be particularly disrupted or atypical in 
infants who ultimately develop ASD: phonemic perceptual narrowing and hemispheric 
lateralization of neural response to speech.  Both have been examined in our previous 
work on infants at risk for ASD as a group (Seery, Vogel-Farley, Tager-Flusberg, & 
Nelson, 2013; Chapter 2), but have not yet been studied specifically in high-risk infants 
who ultimately develop ASD.  
3.1.1 Phonemic perceptual narrowing  
 One of the earliest steps in first language acquisition is learning which sounds are 
important and informative in a given language.  Over the first year of life, this involves a 
process of perceptual narrowing where infants lose the ability to detect phonemic 
contrasts that are not used in the language(s) that they are being exposed to (Werker & 
Tees, 1984) alongside an increase in the ability to detect and respond to the contrasts that 
are used in that language (native-language facilitation; Kuhl et al., 2006).  For typically-
developing infants being raised in a monolingual environment, phonemic perceptual 
narrowing occurs sometime around 4-8 months for vowels and 8-12 months for 
consonants (Rivera-Gaxiola et al., 2005b; Tsuji & Cristia, 2013; Werker & Tees, 1984).  
 The dual processes of phonemic perceptual narrowing and native-language 
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facilitation are thought to help lay the crucial groundwork for other aspects of language 
acquisition (Gervain & Werker, 2008; Werker & Yeung, 2005).  In typical development, 
there is evidence that inefficient perceptual narrowing in infancy is related to lower 
language ability at later ages (Jansson-Verkasalo et al., 2010; Kuhl et al., 2008) while 
early strong response to native language phonemic contrasts is related to higher later 
language ability (Kuhl et al., 2008; Tsao, Liu, & Kuhl, 2004).  Crucially, perceptual 
narrowing and changes in the ability to discriminate foreign-language phonemes depend 
on characteristics of the linguistic input environment in addition to attention to that 
environment (Maye, Werker, & Gerken, 2002; Werker et al., 2007; Yeung & Werker, 
2009).  Infants will retain the ability to perceive a foreign-language phoneme if they are 
provided with exposure to a language or linguistic input that uses the phoneme 
contrastively (Yeung & Werker, 2009), even with minimal exposure to this input (i.e., 30 
minutes per day every few days; Kuhl et al., 2003).  However, the exposure must be in 
person, and infants show no retention of foreign-language speech contrasts if exposed to 
a language over television rather than live (Kuhl et al., 2003).  Infants’ in-person 
linguistic exposures typically occur within a social context and, unlike other exposure 
media (e.g., TV), involve reciprocal contingencies between linguistic behaviors of the 
infant and caregiver.  Contingent interactions on the part of the caregiver can help 
facilitate infant phonological learning (Goldstein & Schwade, 2008), and infants who 
experience very highly contingent interactions with their caregivers (i.e., high sensitivity 
on the part of the caregiver and high responsiveness on the part of the infant) have 
precocious phonemic perceptual narrowing (Elsabbagh et al., 2013). 
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 However, infants who later develop ASD express traits throughout the first year 
of life that may make it difficult for them to benefit and learn from their linguistic 
environment, potentially resulting in delayed phonemic perceptual narrowing.  Although 
infants who develop ASD are at 6 months social and behaviorally very similar to infants 
who do not (Ozonoff et al., 2010; Zwaigenbaum et al., 2005), they exhibit diminished 
attention to social scenes and faces (Chawarska et al., 2013) and show atypical patterns of 
facial scanning (Chawarska et al., 2013; Jones & Klin, 2013) particularly when viewing 
the faces of people who are speaking (Shic et al., 2013) when compared to HRA infants 
who do not develop ASD.  These subtle atypicalities become more consistent and 
pronounced by 12 months (Ozonoff et al., 2010; Zwaigenbaum et al., 2005), and by this 
age infants who later develop ASD show decreased attentiveness during dyadic 
interactions with their caregivers (Wan et al., 2013).  Furthermore, at 12 months high-risk 
infants who later show symptoms of ASD exhibit diminished preference for listening to 
speech sounds over non-speech sounds (Curtin & Vouloumanos, 2013), although it is 
currently unknown whether diminished preference for speech is indicative of a future 
ASD diagnosis or how early over the first year of life the dampened preference emerges. 
 Taken together, there is evidence that children who develop ASD are not as 
engaged with their social and linguistic environment during infancy compared to either 
high-risk infants who do not develop ASD or low-risk infants, particularly over the 
second half of the first year of life.  As a consequence of this, their experienced linguistic 
environment between 6 and 12 months may not be as rich as other infants, overlapping 
and potentially interfering with the timing of phonemic perceptual narrowing for 
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consonants.  There is evidence that high-functioning children with ASD show an 
appropriate ‘lack’ of ability to distinguish non-native phonemic contrasts (Constantino et 
al., 2007), although their processing of phonemic contrasts may be less specialized for 
native contrasts relative to non-native contrasts than typically developing children 
(DePape et al., 2012).  The fact that high-functioning children with ASD show age-
appropriate difficulty distinguishing non-native phonemic contrasts suggests that they 
have, at some point previously, undergone perceptual narrowing. However, the dampened 
specificity for native contrasts suggests that some aspect of non-native language 
processing may be atypical.  Furthermore, the timing of this process has not yet been 
studied specifically in infants who develop ASD, so it is unknown whether the process is 
delayed in these infants despite them ultimately reaching a ‘perceptually narrowed’ end 
state.  In addition, neither perceptual narrowing nor non-native phoneme perception has 
been studied in lower-functioning children with ASD, so it is unclear whether these 
children experience phonemic perceptual narrowing and, if so, whether this process is 
delayed.   HRA infants who do not develop ASD do not appear to be delayed in 
phonemic perceptual narrowing (Seery et al., 2013); however these infants do not show 
the same degree of decreasing social engagement and attention during the second half of 
the first year of life as infants who develop ASD.  Consequently, it may be the case that 
infants who develop ASD show delayed phonemic perceptual narrowing relative to HRA 
infants who do not. 
3.1.2 Hemispheric lateralization to language 
 Language processing in individuals with ASD is often accompanied by atypical 
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lateralization of the associated neural networks (for review, see Lindell & Hudry, 2013).  
Structurally, dampened or reversed lateralization has been commonly reported in the 
volume of various perisylvian brain regions associated with language processing as well 
as in language-related white matter tracts, although asymmetries in specific neural 
regions have not always been replicated across studies (De Fosse et al., 2004; Herbert et 
al., 2002; Joseph et al., 2013; Knaus et al., 2009).  Similarly, dampened or reversed 
lateralization in the functional brain activity in response to linguistic stimuli has been 
reported using a variety of methodologies (Flagg et al., 2005; Kleinhans et al., 2008b; 
Knaus et al., 2008; Yoshimura et al., 2013) and as early as 12 months (Dinstein et al., 
2011; Eyler et al., 2012; Redcay & Courchesne, 2008).  Toddlers with ASD show 
decreased spontaneous interhemispheric synchronization in language-related areas 
(Dinstein et al., 2011) and, when listening to bedtime stories during natural sleep, they 
exhibit reduced activation in the temporal cortices relative to typically-developing 
controls, particularly within the left hemisphere (Redcay & Courchesne, 2008) as well as 
dampened asymmetry of activation within superior temporal gyrus (Eyler et al., 2012).   
Lateralization of language-related neural networks has not yet been studied during 
the first year of life specifically in infants who develop ASD.  However, there is evidence 
that HRA infants as a group show dampened lateralization of event-related potentials 
(ERPs) in response to speech sounds (Seery et al., 2013), suggesting that atypical 
lateralization to some degree may be an endophenotype of ASD.   It is possible, though, 
that the specifics of atypical lateralization differ between high-risk infants who develop 
ASD and high-risk infants who do not and may be more pronounced in infants who 
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develop ASD.  Specifically, it may be the case that both unaffected and affected HRA 
infants share a trait that results in some degree of atypical lateralization, and that infants 
who develop ASD possess an additional trait that affects their neural lateralization to an 
even greater degree. 
3.1.3 Current study 
 In previous work, we used ERPs to examine both phonemic perceptual narrowing 
and lateralization of response to consonant-vowel stimuli in HRA infants at 6, 9, and 12 
months of age (Seery et al., 2013).  That study suggested that HRA infants, as a group, do 
not experience delayed perceptual narrowing but that they differ from LRC infants in 
hemispheric lateralization of their response at 9 and 12 months. The current study 
expanded upon our original sample in order to be able to look more closely at differences 
between infants who develop ASD and infants who did not.  In addition, this allowed us 
to examine differences between subgroups of infants who did not develop ASD.  
Specifically of interest are the 20-30% of HRA infants who do not have ASD but exhibit 
instead subclinical traits of the ‘broader autism phenotype’ (BAP) including elevated 
autism symptoms and lower language abilities (Gamliel et al., 2009; Georgiades et al., 
2013; Macari et al., 2012; Ozonoff et al., 2014).  
 The electrophysiological correlates of perceptual narrowing were measured by 
using a double-oddball paradigm, where a repeated syllable (the ‘standard’) was 
intermixed with two, infrequently presented deviant stimuli, following Rivera-Gaxiola et 
al. (2005b).  The deviant stimuli were chosen so that the contrast between the standard 
and one of the deviants is phonemic in English (the ‘native’ deviant) while the contrast 
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between the standard and the other deviant is not (the ‘non-native’ deviant).  Previous 
work on this paradigm completed at the age studied here suggest that if infants can 
perceive the difference between the standard and a deviant, then their brains will respond 
to the deviant with increased amplitude or faster latency of a frontally-maximal positive 
component from approximately 150-300ms after the onset of that deviant (P150; Ortiz-
Mantilla et al., 2012; Peña, Werker, & Dehaene-Lambertz, 2012).   
Over frontal electrodes, younger infants (6 to 9 months) show changes to the P150 after 
hearing either a native or non-native contrast, whereas older infants (10 to 12 months) 
show changes to the P150 only after hearing a native contrast (Peña et al., 2012; Rivera-
Gaxiola et al., 2005b; Seery et al., 2013).  We hypothesized that infants who develop 
ASD would show evidence of continued change response to the non-native deviant at 12 
months, reflecting delayed or inefficient perceptual narrowing, but that HRA infants who 
do not develop ASD would not show this.  Previous work also shows that at 9 and 12 
months, LRC infants exhibit a sustained negativity (LSW) from approximately 300-700 
that is stronger over the right hemisphere than left (Seery et al., 2013; Zhang et al., 2011) 
while HRA infants show no difference in their response over the left versus right 
hemisphere (Seery et al., 2013).  We hypothesized that infants who develop ASD would 
exhibit more pronounced atypicalities in the lateralization of their LSW than HRA infants 
who do not develop ASD, including perhaps reversed lateralization rather than dampened 
lateralization.  Furthermore, we hypothesized that dampened lateralization would still be 
present in the larger group of HRA infants, but may potentially be restricted to infants 
who exhibited traits of the broader autism phenotype.  
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3.2 Methods 
This IRB-approved study was part of a larger longitudinal investigation conducted 
by researchers at Boston Children’s Hospital/Harvard Medical School and Boston 
University.  The larger study involved multiple laboratory visits between 3 and 36 
months; here, we focused on data collected at 6-, 9-, and 12-month visits. 
3.2.1 Participants 
Two groups of infants from monolingual, English-speaking households (English 
spoken ≥75% of the time) were included.   Infants who had an older sibling with ASD 
(not due to a known genetic disorder; e.g., fragile X syndrome) were designated high risk 
(HRA).  Low-risk control infants (LRC) had at least one typically-developing older 
sibling and no known first-degree relatives with ASD or other neurodevelopmental 
disorders, based on a detailed screening interview.  Infants were excluded if they had 
gestational age less than 36 weeks, known genetic disorder, extensive perinatal/postnatal 
medical or neurological problems, or if they had exposure to a language that uses the 
phonemic contrast investigated (e.g., Bengali or Hindi). 
Preliminary ASD diagnoses were made using the Autism Diagnostic Observation 
Schedule (ADOS; Lord et al., 2000) at 24 and 36 months in addition to expert clinical 
judgment at 36 months.  The ADOS, a semi-structured, play based interaction designed to 
measure autism symptoms, allows for calculation of a ‘severity score’ that reflects the 
presence of ASD symptoms while controlling for language ability; higher scores indicate 
more severe symptoms (range: 1-10; scores of 4 and higher are indicative of ASD). 
Infants were designated as ASD if they had a severity score of 4 or higher on the ADOS 
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at 36 months and received a clinical judgment of ASD at 36 months, or if they had a 
severity score of 4 or higher on the ADOS at 24 months when no 36-month ADOS or 
clinical judgment was available.  Note that the ADOS was also administered at 18 
months, but because symptoms of ASD are not yet stable at that age, it was used as a 
measure of autism symptoms (see below) but not for diagnostic classification purposes 
(Brian et al., 2008).   
One-hundred-twenty-nine infants (63 HRA; 66 LRC) both contributed usable 
ERP data and completed an ADOS at either 24 or 36 months;2 of these infants, 11 HRA 
(7 male) and 2 LRC (both male) met our criteria for ASD.  The remaining 52 non-ASD 
HRA infants were categorized further on the basis of whether they exhibited signs of 
atypical development in toddlerhood that would be considered evidence for the broader 
autism phenotype.  For the current purposes, atypical development was defined by 
elevated ASD symptoms, impaired language ability, or impaired cognitive ability at any 
point in toddlerhood; this is consistent with classifications used by other researchers 
studying HRA infants (e.g., Ozonoff et al., 2014).  Infants were considered to have 
elevated autism symptoms if they received a severity score of 3 or higher on the ADOS at 
either 18, 24, or 36 months.  Language and cognitive delay at 18, 24, and 36 months were 
determined from the Mullen Scales of Early Learning (Mullen, 1995), a developmental 
assessment with Fine Motor, Visual Reception, Expressive Language, and Receptive 
Language subscales.  Delay was indicated by a standardized T-score lower than 30 on a 
                                                
2 Note that a subset of these infants contributed the data analyzed in Seery et al. (2013). 
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single Mullen subscale at 18, 24, or 36 months or T-scores lower than 35 on more than 
one subscale at a single age.  Of the 52 HRA infants, 28 met at least one of these criteria 
and were subsequently classified into an HRA-Atyp group.  The remaining 25 HRA 
infants were classified as typically-developing (HRA-Typ).  In addition, 36 LRC infants 
met the typically-developing criteria (LRC-Typ) and were included as a comparison 
group.  Detailed behavioral profiles, including Mullen Scores at earlier ages (6 and 12 
months, when the ERP data were collected), of these four groups of infants (LRC, HRA-
Typ, HRA-Atyp, ASD) are given in Table 3.1.  Out of these infants, 60 contributed 
usable ERP data at 6 months (23 LRC-Typ, 18 HRA-Typ, 11 HRA-Atyp, 8 ASD), 75 at 9 
months (28 LRC-Typ, 19 HRA-Typ, 21 HRA-Atyp, 7 ASD), and 72 at 12 months (25 
LRC-Typ, 16 HRA-Typ, 22 HRA-Atyp, 9 ASD). 
3.2.2 Stimuli and Procedure 
 The stimuli and procedure used here are as described in Seery et al. (2013) 
(Chapter 2).  Participants listened to a stream of consonant-vowel stimuli that were 
presented in a random order using a double-oddball procedure (following Rivera-Gaxiola 
et al., 2005).  Three stimuli were used: a standard (voiced, unaspirated, retroflex stop; 
/ɖa/) was presented 80% of the time, a native deviant (voiceless, aspirated retroflex 
palatal stop; /ta/) was presented 10% of the time, and a non-native deviant (a voiced, 
unaspirated dental stop; /da/) was presented the remaining 10% of the time.  English does 
not distinguish between the voiced retroflex and dental stops (although Bengali, for 
example, does), and thus adult monolingual English speakers are unable to distinguish the 
non-native deviant from the standard (both perceived as /da/).  In contrast, adult Bengali 
  
57 
speakers and very young infants differentiate all three.   
3.2.3 Analysis of electrophysiological data 
 Continuous EEG was recorded using either a 64-channel Geodesic Sensor Net or 
a 128-channel HydroCel Geodesic Sensor Net (Electrical Geodesics Inc., Eugene, OR) 
referenced online to vertex (Cz)3. The electrical signal was amplified with either a 
NetAmps 200 or NetAmps 300 amplifier (Electrical Geodesics Inc.)4 using a 0.1- to 100-
Hz band-pass filter, digitized at 250Hz, and stored on a computer drive before being 
processed offline using NetStation software (Electrical Geodesics Inc.).  EEG was 
segmented into 800ms epochs beginning 100ms before stimulus onset, digitally filtered 
using a 30-Hz low-pass elliptical filter, and baseline-corrected using mean voltage during 
the 100ms pre-stimulus baseline period. 
 Segmentation parameters and artifact detection procedures were identical to Seery 
et al., (2013) and will not be detailed here.  Ultimately, three categories of segments were 
created: standard (containing only standard trials that immediately preceded a deviant), 
native deviant, and non-native deviant; average waveforms for each category were 
rereferenced to the average reference.  Participants with fewer than 10 usable trials in any 
condition were excluded from analyses.  The number of trials did not differ across groups 
(ASD, HRA-Atyp, HRA-Typ, LRC-Typ) at any age (all p>.2); see Table 3.2. 
 Four regions of interest were constructed from anterior electrodes, in line with 
                                                
3 Net type and amplifier were changed due to system upgrades that occurred midway through the project.  
We had no a priori reason to believe that the equipment changes would affect the data, and so they were 
not included as covariates in the analyses.  Details about the equipment usage by group are given in Table 
3.2.  
4 See Footnote 1. Note that for the NA300 amplifier the 0.1 filter was performed offline. 
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previous work (Peña et al., 2012; Rivera-Gaxiola et al., 2005b; Seery et al., 2013; Zhang 
et al., 2011): left frontal (F1, F3, F7, AF3), right frontal (F2, F4, F8, AF4), left central 
(FC1, FC5, C3, C5), and right central (FC2, FC6, C4, C6).  An initial positive component 
(P150; 150-300ms) and a later sustained negativity (LSW; 300-700ms) were observed 
over these regions.  Based on previous work, analyses focused on the maximum 
amplitude and latency to the peak of the P150 over frontal ROIs and on the mean 
amplitude of the LSW over central ROIs (Seery et al., 2013). 
3.2.4 Statistical approach 
 We constructed 3x2x4 ANOVAs at each age with condition (standard, non-native 
deviant, native deviant) and hemisphere (left, right) as repeated factors and with outcome 
group (ASD, HRA-Atyp, HRA-Typ, LRC) as a between subjects factor, using maximum 
amplitude of the P150, latency to the peak of the P150, and average amplitude of the 
LSW as separate dependent variables.  Greenhouse-Geisser corrections were applied as 
necessary.  All significant main effects and interactions were explored further using 
independent-samples t-tests, paired-samples t-tests, or reduced ANOVAs as appropriate. 
To account for multiple comparisons, Bonferroni corrections were applied as necessary; 
however, follow-up tests involving group were done using Games-Howell tests rather 
than Bonferroni corrections if variance on the variable of interest differed across groups 
(as evident by significant Levene’s tests).  
3.3 Results 
3.3.1 P150 
 Waveform graphs of the P150 over frontal electrodes are given in Figure 3.1, and 
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the amplitude and latency of the P150 to the three conditions for each group are given in 
Table 3.3 and Figure 3.3. 
At 6 months, the 3-way ANOVA for amplitude revealed a marginally significant 
condition by hemisphere interaction (F(2,108)=3.10, p=.051; partial η2=.054). 
Specifically, within the right hemisphere response was more positive to the native than to 
the standard (p=.030) and to the non-native than to the standard (p=.026), while there was 
no difference between the native and the non-native (p=1.00). There were no differences 
across conditions in the left hemisphere.  Furthermore, response to the non-native deviant 
trended towards being significantly larger in the right than left hemisphere (p=.069).  The 
ANOVA for latency to the peak revealed a main effect of condition (F(2,108)=6.45, 
p=.002; partial η2=.107) such that response was faster to the native than the non-native 
deviant (p=.005), but did not differ between the native deviant and the standard (p=.151) 
or the non-native deviant and the standard (p=.260). 
 At 9 months, the ANOVA for amplitude of the P150 revealed a significant main 
effect of condition (F(2,142)=4.23, p=.017; partial η2=.056).  Specifically, response was 
larger to the native deviant than to the standard (p=.019), trended to being larger to the 
non-native deviant than the standard (p=.060), and did not differ between the two 
deviants (p=1.00).  The ANOVA for latency to the peak revealed a significant group by 
condition interaction (F(6,142)=3.08, p=.008; partial η2=.115).  For both the HRA-Typ 
and HRA-Atyp groups, response was significantly slower to the non-native deviant than 
to both the standard  (HRA-Typ: p=.044; HRA-Atyp: p=.022) and the native deviant 
(HRA-Typ: p=.042; HRA-Atyp: p<.001), while response to the native deviant and 
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standard did not differ (HRA-Typ: p=1.00; HRA-Atyp: p=.209). Furthermore, the ASD 
group had faster response to the non-native deviant than the HRA-Atyp group (p=.023). 
 At 12 months, the ANOVA for amplitude of the P150 revealed significant main 
effects of condition (F(2,136)=3.18, p=.045; partial η2=.045) and hemisphere 
(F(1,68)=6.36, p=.014; partial η2=.086).  Follow-up paired comparisons revealed that 
response was marginally larger to the native deviant than to the standard (p=.053) and 
that there were no differences between response to the non-native and standard (p=.171) 
or between the native and non-native (p=1.00).  The ANOVA for latency to the peak 
revealed a significant effect of condition (F(2,136)=4.39, p=.015; partial η2=.061), with 
faster response to the native than non-native deviant (p=.008), and no difference between 
the native and standard (p=.480) or between the non-native and standard (p=.433). 
3.3.2 LSW 
Waveform graphs of the LSW over central electrodes are given in Figure 3.2, and 
the amplitude of the LSW to the three conditions for each group are given in Table 3.3 
and Figure 3.3.   
At 6 months, the ANOVA revealed a marginal condition by hemisphere 
interaction (F(2,108)=3.09, p=.054; partial η2=.054).  This interaction was driven by a 
trend towards more negative response in the right than left hemisphere for the standard 
condition only (p=.061). 
 At 9 months, the ANOVA revealed a marginal group by condition interaction 
(F(6,142)=2.21, p=.053; partial η2=.085).  This was driven by more negative response to 
the native than the non-native for the HRA-Typ group (p=.021) in addition to more 
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negative response to the native by the HRA-Typ group than the LRC-Typ group 
(p=.033). 
 At 12 months, the ANOVA revealed a significant group by hemisphere 
interaction (F(3,68)=2.81, p=.046; partial η2=.110; see Figure 3.4).  Specifically, the LRC 
group had more negative response over the right hemisphere than the left hemisphere 
(Left: Mean=1.00µV, SD=2.3; Right: Mean=-0.32, SD=2.2; t(24)=2.28, p=.032; Cohen’s 
d=0.46) while the ASD group had more negative response over the left than the right 
hemisphere (Left: Mean=-1.39µV, SD=2.9; Right: Mean=0.33µV, SD=1.8; t(8)=2.34, 
p=.048; Cohen’s d=0.87).  There were no effects of hemisphere in either the HRA-Typ 
group (Left: Mean=-0.52µV, SD=1.4; Right: Mean= -0.58µV, SD=2.1; t(15)=0.09, 
p=.934; Cohen’s d=0.02) or the HRA-Atyp group (Left: Mean=-0.69µV, SD=2.3; Right: 
Mean= -0.66µV, SD=2.0; t(21)=0.04, p=.965; Cohen’s d=0.01).  Furthermore, within the 
left hemisphere, LRC had more positive response than the ASD group (p=.042) and 
trended to having more positive response than the HRA-Atyp group (p=.065).  There 
were no differences between the LRC and HRA-Typ groups (p=.209) or between the 
HRA-Typ, HRA-Atyp, and ASD groups in amplitude of the LSW over the left 
hemisphere or the right hemisphere (all >.9). 
3.4 Discussion 
 Here, we examined the electrophysiological correlates of how infants at risk for 
ASD process speech, specifically investigating whether distinct patterns of ERPs to 
speech emerge among subgroups of infants with different developmental outcomes.  
Phonemic perceptual narrowing was captured through the maximum amplitude of the 
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P150 over frontal electrodes.  At 6 months, the amplitude of the P150 across groups was 
larger to both a native deviant stimulus and a non-native deviant stimulus than to a 
frequent standard stimulus, at 9 months an intermediate pattern was present, and at 12 
months the P150 was only larger to the native deviant relative to the standard.  There 
were no group differences at any age in the amplitude of the P150; thus, we did not find 
evidence of delayed perceptual narrowing in the ASD, HRA-Atyp, or HRA-Typ groups.  
However, at 9 months, infants who later developed ASD had faster latency P150s to the 
non-native contrast than did HRA infants who did not develop ASD.   
Examination of a later negative component, the LSW, revealed group differences 
in lateralization of response at 12 months.  The LSW for LRC infants was more negative 
over the right than left hemisphere; in contrast, the LSW for ASD showed an opposite 
pattern such that trended to being more negative over the left than right hemisphere.  
Direct comparison of the ASD and LRC groups indicated that LSW in the left 
hemisphere was more negative in amplitude for the ASD than the LRC group and that 
these groups did not differ from each other over the right hemisphere.  This provides 
preliminary evidence that infants who develop ASD exhibit reversed asymmetry of ERPs 
at 12 months relative to LRC infants, driven in particular by response over the left 
hemisphere.  HRA infants who did not develop ASD, regardless of whether they 
exhibited atypical development in toddlerhood consistent with the broader autism 
phenotype, showed a somewhat intermediate pattern of response in that they showed no 
lateralization of the LSW and that amplitude of response in the left hemisphere fell in 
between that of the ASD and the LRC groups, not differing from either group.  These 
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findings extend our earlier work, as reported in Seery et al. (2013), but provide additional 
insight into linguistic processing in infants who ultimately develop ASD, HRA infants 
who exhibit BAP, and HRA infants who are typically developing, particularly with 
respect to perceptual narrowing and lateralization of response.  
3.4.1 Perceptual narrowing 
The data did not support the hypothesis that infants who develop ASD experience 
delayed perceptual narrowing, as no group differences in response to the non-native 
speech contrast were evident at 12 months.  At 9 months, however, the ASD group 
exhibited abnormally fast latency of response to the non-native deviant.  This was not 
coupled with faster latency to the native deviant, suggesting that it is not the case that 
these infants simply exhibit faster response to auditory deviance.  Note that in general 
across groups the latency of the P150 was not modulated by phonemic status of the 
deviant and did not show developmental perceptual narrowing; even at 6 months the 
P150 was fastest to the native deviant, and to some extent slowest to the non-native 
deviant (although not necessarily statistically significant).  Thus the latency of the P150 
was sensitive to acoustic, phonetic characteristics of the stimuli rather than being 
modulated by language-based, categorical knowledge about a language. 
One explanation then for faster latency to the non-native deviant in the ASD 
group is that they exhibit atypical processing of phonetic or acoustic deviance in general.  
Altered ERPs to auditory and linguistic deviance have been commonly reported in older 
individuals with ASD, although there is significant inconsistency in the literature in terms 
of whether faster, slower, or typical ERPs to deviant stimuli are found (for reviews, see 
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Haesen, Boets, & Wagemans, 2011; Jeste & Nelson, 2009).  Faster latency to the non-
native deviant may then reflect some aspect this atypical deviant response. Alternatively, 
it is possible that in infants who develop ASD, latency of the P150 reflects phonemic 
information in a way that it does not for infants who do not develop ASD, suggesting 
perhaps altered neural recruitment or organization.   
The lack of evidence for delayed perceptual narrowing at 12 months may suggest 
that infants who develop ASD are sufficiently engaged with their linguistic environment 
to support the process of perceptual narrowing.  Previous work suggests that exposure to 
a live speaker is necessary in order to ‘learn’ the phonemes of that language (Kuhl et al., 
2003), and it has been hypothesized then that phonemic perceptual narrowing emerges 
because language is learned within a social, communicative context (Pascalis et al., 
2014).  Although we know that infants who develop ASD do begin to display social 
impairments between 6 and 12 months of age, and possibly exhibit atypical processing 
styles even earlier than this, they are also, in general, fairly socially engaged, particularly 
when closer in age to 6 than 12 months (Ozonoff et al., 2010; Zwaigenbaum et al., 2005).  
Our data suggest that these levels of social engagement, despite being subtly lower than 
infants who do not develop ASD, are enough to support phonemic perceptual narrowing.  
3.4.2 Hemispheric lateralization 
Atypical lateralization of the LSW was evident in all three groups of HRA infants 
at 12 months, in line with our findings in Seery et al. (2013).  In the non-ASD groups 
(HRA-Typ and HRA-Atyp), lateralization was absent and amplitude of the ERP did not 
differ over the left versus right hemisphere.  The fact that lateralization was absent even 
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in the HRA-Typ infants, who had a familial risk for ASD but did not exhibit behavioral 
characteristics of the broader autism phenotype during toddlerhood, supports the idea that 
this is an endophenotype of ASD that is not linked to phenotypic symptoms of ASD.  In 
line with this, atypicalities relating to lateralization of neural response to language have 
also been reported in unaffected older first-degree relatives of individuals with ASD.  
Specifically, parents of children with ASD exhibit more left-lateralized evoked MEG 
activity than the typical population when actively listening to words (McFadden et al., 
2012) and show increased activation in the right hemisphere during phonological 
processing (Wilson et al., 2013).   
In addition to the findings for the HRA infants who did not develop ASD, we 
found preliminary evidence for reversed rather than simply dampened lateralization in 
infants who do develop ASD. Previous work suggests that infants who show behavioral 
symptoms of ASD over the second year of life also have atypical lateralization of neural 
response to language at that age (Eyler et al., 2012; Redcay & Courchesne, 2008).  Our 
findings extend this further by suggesting that reversed neural lateralization to speech is 
present as early as 12 months and may precede behavioral symptoms.  Although infants 
who develop ASD begin to exhibit subtle symptoms by 12 months of age, these are not 
sufficient to make a diagnosis.  It is possible then, that reversed lateralization for speech 
at 12 months may be a risk marker of ASD.  Given the intermediate pattern of dampened 
lateralization that we found in HRA infants who did not develop ASD, it is unlikely that 
reversed lateralization on its own would be sensitive enough to predict which HRA 
infants will develop ASD, but it may provide valuable information when considered in 
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conjunction with other risk markers at 12 months.  Other behavioral and neurological risk 
markers potentially related to clinical diagnoses of ASD are beginning to be identified 
(e.g., Chawarska et al., 2013; Elison et al., 2013; Elsabbagh et al., 2012; Flanagan, 
Landa, Bhat, & Bauman, 2012; Ozonoff et al., 2008b; Zwaigenbaum et al., 2005), yet 
prediction of ASD during infancy remains elusive.  Cumulative risk models that include 
multiple behavioral and neurological risk markers within a given HRA infant can have 
more predictive validity than any individual factor (Bedford et al., 2014; Elsabbagh & 
Johnson, 2010; Tager-Flusberg, 2010), and so infants’ neural lateralization to speech 
should be studied alongside markers from other domains in order to better understand its 
clinical significance. 
3.4.3 General conclusions 
Future work will continue to explore phonemic perceptual narrowing as well as 
neural lateralization in infants who develop ASD.  The ASD group here was fairly small 
and so continued investigation in a larger sample will allow us to better understand 
language processing in infants who develop ASD as well as allow us to study trajectories 
of development longitudinally over the first year of life.  It should also be noted that the 
presence of atypical neural lateralization in infants who develop ASD should not be 
thought of as being specific to only HRA infants or as being specific to linguistic stimuli.  
Atypical asymmetry to auditory or linguistic stimuli has been implicated in a variety of 
other complex syndromes including specific language impairment, schizophrenia, and 
developmental stuttering (Jäncke, Hänggi, & Steinmetz, 2004; Shafer, et al., 2001; 
Sommer, Ramsey, Kahn, Aleman, & Bouma, 2001) and in infants at risk for dyslexia 
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(van Leeuwen et al., 2008).  Furthermore, atypical lateralization has been reported 
outside the language domain in both individuals with ASD and in HRA infants (Herbert 
et al., 2005; McCleery et al., 2009).  As we only examined response to speech, we cannot 
make strong claims about whether reversed lateralization in the ASD group would also be 
found in other domains and so future work should compare lateralization of ERPs to 
speech against lateralization of ERPs to other types of stimuli. 
 In sum, we found preliminary evidence that infants who later develop ASD 
exhibit reversed lateralization of ERP response to speech at 12 months and that HRA 
infants who do not develop ASD exhibit dampened lateralization at this age.  Future 
exploration of this finding will help to inform us about the early development of ASD, 
and ideally will ultimately help us to identify infants who are most likely to develop ASD 
so that they can begin to access treatments during infancy.  
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Table 3.1 Behavioral profiles of participants 
LRC-Typ HRA-Typ HRA-Atyp ASD
LRC-Typ 
vs
HRA-Typa
Total N 36 24 28 13 - -
Male: Female 14:22 8:16 17:11 9:4 - -
Mullen t-scores
6 Month (N) 34 21 15 11
     Visual Reception 48.06 (1.6) 50 (2.5) 47.27 (1.7) 45.82 (1.9) n.s. n.s.
     Fine Motor 48.88 (1.3) 50.81 (2.2) 47.6 (1.6) 47.09 (2) n.s. n.s.
     Receptive Language 47.38 (1.1) 51.05 (1.8) 48.27 (1.7) 41.91 (2.5) n.s. **
     Expressive Language 46.62 (1) 47.62 (1.5) 45.4 (1.2) 44.82 (1.3) n.s. n.s.
12 Month (N) 36 24 27 13
     Visual Reception 57.89 (1.6) 56.96 (1.8) 52.81 (1.7) 49.54 (1.7) n.s. *
     Fine Motor 59.44 (1.5) 62.37 (2.3) 59.26 (1.9) 59.54 (2.9) n.s. n.s.
     Receptive Language 44.81 (1.1) 46.75 (1.4) 43.63 (1.9) 39.38 (2.7) n.s. +
     Expressive Language 50.17 (1.4) 48.62 (1.7) 45.11 (1.9) 44.85 (3.2) n.s. n.s.
18 Month (N) 34 23 25 12
     Visual Reception 53.62 (1.5) 51.17 (1.4) 50.52 (1.6) 45.83 (3.2) n.s. n.s.
     Fine Motor 53.82 (1.2) 53.87 (1.4) 53.56 (1.4) 48.67 (2.5) n.s. n.s.
     Receptive Language 54.24 (2.1) 45.3 (2.4) 48.2 (3.3) 41.83 (5.2) ** n.s.
     Expressive Language 50.94 (0.9) 52.52 (1.4) 47.4 (2.8) 44.58 (3.2) n.s. n.s.
24 Month (N) 35 23 24 13
     Visual Reception 57.49 (1.4) 55.35 (1.9) 54.75 (1.9) 48.15 (2.2) n.s. n.s.
     Fine Motor 54.49 (1.8) 53.09 (1.6) 48.33 (1.7) 44.85 (2.8) n.s. *
     Receptive Language 59.37 (1.1) 55.7 (1.2) 53.63 (2) 44.15 (4.3) * **
     Expressive Language 57.94 (1.3) 55.78 (1.4) 53.58 (1.7) 46.85 (3.1) n.s. *
36 Month (N) 31 12 24 8
     Visual Reception 62.81 (1.7) 59.58 (2.6) 52.46 (2.2) 48.63 (3) n.s. *
     Fine Motor 56.74 (2.1) 58.67 (2.5) 44.58 (2.2) 39.89 (4.2) n.s. ***
     Receptive Language 57.19 (1.4) 58.17 (1.7) 50.92 (1.4) 43.11 (3.6) n.s. ***
     Expressive Language 61.39 (1) 59.75 (1.6) 54.67 (1.6) 47.11 (3.4) n.s. **
ADOS Severity Scores
     18 Month (N) 34 23 24 11
1.15 (0.1) 1.17 (0.1) 3.5 (0.3) 4 (0.9) n.s. ***
     24 Month (N) 35 23 28 13
1.31 (0.1) 1.57 (0.1) 2.5 (0.3) 6.38 (0.5) n.s. ***
     36 Month (N) 31 12 24 9
1.16 (0.1) 1.33 (0.1) 1.79 (0.3) 5.56 (0.6) n.s. ***
Table 3.1 
Behavioral profiles of participants
Group HRA-Typ 
vs
HRA-Atyp
vs ASDb
a Independent-samples t-tests for comparisons of Mullen t-test scores, Mann-Whitney U-
tests for comparisons of ADOS severity scores (due to positive skew)
b One-way ANOVAs for comparisons of Mullen t-test scores, Kruskal-Wallis tests for 
comparison of ADOS severity scores.
*** <.001, ** <.01, *<.05, +<.06
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Table 3.2 Participant and equipment details for each visit 
 
LRC-Typ HRA-Typ HRA-Atyp ASD
6 mo visit 
N 23 18 11 8
Age days (SD) 190.1 (11.6) 190.6 (9.2) 187.7 (6.7) 189.5 (9.5)
Male: Female 8:15 5:11 6:5 5:3
Geodesic sensor net:Hydrocel sensor net8:15 8:8 4:7 3:5
NetAmp200:NetAmp300 20:3 13:3 9:2 6:2
Number of standard trials (SD) 29.1 (8.7) 33.4 (13.7) 30.3 (7.9) 28.1 (9.9)
Number of non-native deviant trials (SD)26.8 (9.7) 31.6 (14.3) 27.6 (8.0) 24.8 (8.4)
Number of native deviant trials (SD) 27.3 (9.8) 31.3 (14.2) 31.7 (10.5) 25.4 (9.5)
9 mo visit 
N 28 19 21 7
Age days (SD) 282.5 (8.5) 278.2 (6.6) 277.6 (13.1) 279.8 (8.9)
Male: Female 11:17 8:11 13:8 4:3
Geodesic sensor net:Hydrocel sensor net10:18 10:9 11:10 1:6
NetAmp200:NetAmp300 18:10 14:5 19:2 4:3
Number of standard trials (SD) 29.9 (11.7) 32.6 (9.8) 33.6 (12.7) 33.6 (12.4)
Number of non-native deviant trials (SD)27.3 (11.4) 31.5 (8.8) 30.4 (11.5) 30.7 (14.0)
Number of native deviant trials (SD) 28.3 (10.8) 31.3 (9.6) 30.9 (12.7) 32.9 (12.6)
12 mo visit
N 25 16 22 9
Age days (SD) 372.7 (9.1) 374.5 (10.2) 375.6 (8.1) 372.9 (15.4)
Male: Female 9:16 4:12 13:9 5:4
Geodesic sensor net:Hydrocel sensor net10:15 9:7 13:9 4:5
NetAmp200:NetAmp300 14:11 11:5 20:2 8:1
Number of standard trials (SD) 30.3 (8.1) 30.6 (7.8) 29.6 (12.5) 32.3 (13.0)
Number of non-native deviant trials (SD)29.4 (7.8) 31.4 (8.7) 26.3 (11.3) 30.8 (13.2)
Number of native deviant trials (SD) 28.4 (7.6) 30.5 (8.8) 26.6 (11.7) 29.2 (11.3)
Table 3.2
Participant and equipment details for each visit.  
Group
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Table 3.3 Amplitude and latency of 
ERPs to speech at 6, 9, and 12 months 
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Figure 3.1 Grand-averaged waveforms over frontal ROIs at 6, 9, and 12 months 
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Figure 3.2 Grand-averaged waveforms over central ROIs at 6, 9, and 12 months 
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Figure 3.3 Amplitude and latency of the P150 
a) 6 months
b) 9 months
c) 12 months
P150 - Maximum Amplitude P150 - Latency to the peak
Figure 3.3
Maximum amplitude (left) and latency to the peak (right) of the P150 to the three conditions (averaged across hemisphere) for 
LRC-Typ, HRA-Typ, HRA-Atyp, and ASD participants at a) 6 months, b) 9 months, and c) 12 months.
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Figure 3.4: Amplitude of the LSW by hemisphere and group at 12 months 
 
Figure 3.4
LSW by hemisphere at 12 months
Average amplitude of the LSW over the left (solid) and right 
(striped) hemisphere for LRC-Typ, HRA-Typ, HRA-Atyp, and 
ASD participants at 12 months.
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CHAPTER 4: Electrophysiological response to repeated speech stimuli in 9-month-
old infants at risk for autism spectrum disorder 
4.1 Introduction 
Autism spectrum disorder (ASD) involves social and communicative impairment 
in addition to restricted interests and repetitive behaviors (American Psychiatric 
Association, 2013).  Behavioral symptoms do not begin to emerge until the second year 
of life (Mitchell et al., 2006; Ozonoff et al., 2008a, 2010; Zwaigenbaum et al., 2005, 
2013), but there is converging evidence that infants who are later diagnosed with ASD 
exhibit subtle atypicalities in how they process and interact with the world before the 
onset of overt behavioral symptoms (e.g., Bhat, Galloway, & Landa, 2010; Elsabbagh et 
al., 2012; Jones & Klin, 2013).  Of particular interest is how individuals with ASD 
process auditory and linguistic stimuli during infancy, as atypicalities in these domains 
early in development may lead to or be associated with difficulties with language 
acquisition.  
Event-related potentials (ERPs) have been used extensively to study auditory and 
linguistic processing in adults and children with ASD, often by measuring 
electrophysiological response to a repeated auditory stimulus (a ‘standard’).  Individuals 
with ASD have been shown to exhibit diminished subcortical and cortical evoked 
potentials to the repetitive standard stimuli (Buchwald et al., 1992; Čeponienē et al., 
2003; Donkers et al., 2013; Jansson-Verkasalo et al., 2003; Lepisto et al., 2005), 
potentially reflecting inefficient auditory encoding.  In the typical population, evoked 
auditory potentials become weaker with successive repetition of an auditory stimulus; 
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however, there is evidence that children with ASD do not show this progressive 
dampening of response to repeated auditory stimuli, suggesting again potentially 
impaired auditory processing (Martineau, Roux, Garreau, Adrien, & Lelord, 1992; 
Stroganova et al., 2013). 
In addition to atypical response to auditory repetition, there is evidence that 
children and adults with ASD respond atypically to auditory and linguistic novelty.  
When a stream of repeated standard sounds is intermixed with an infrequent, perceptually 
distinct (‘deviant’) stimulus (i.e., an ‘oddball’ paradigm), the brain exhibits a mismatch 
negativity (MMN) to this deviant (Näätänen, Paavilainen, Rinne, & Alho, 2007); if the 
deviant leads an individual to orient their attention to that stimulus, then the brain also 
exhibits a P3 (Friedman, Cycowicz, & Gaeta, 2001).  There are conflicting findings 
regarding the MMN in ASD.  Diminished (Jansson-Verkasalo et al., 2003; Lincoln, 
Courchesne, Harms, & Allen, 1995), enhanced (Gomot, Giard, Adrien, Barthelemy, & 
Bruneau, 2002), and typical (Kemner, Verbaten, Cuperus, Camfferman, & van Engeland, 
1995) MMNs have all been reported in individuals with ASD relative to typical controls.  
Patterns of findings across studies do not appear to be linked with age of participants or 
their degree of impairment, and although there is potentially some relationship with 
stimulus type (e.g., enhanced MMN to pitch changes, Lepisto et al., 2005), this has not 
always been found (for reviews, see Bomba & Pang, 2004; Jeste & Nelson, 2009; Kujala, 
Lepistö, & Näätänen, 2013).   
It has been hypothesized that some of the variability in findings relating to MMNs 
in ASD might be explained by atypicalities in modulation of attention (Orekhova & 
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Stroganova, 2014).  Many studies that have tested the MMN in ASD have used a passive 
design in which participants watch a silent movie or engage in some other task while the 
auditory stimuli play in the background.   However, individuals with ASD have been 
shown to exhibit atypical attentional styles that can involve impairments in responding or 
orienting to peripheral events (Keehn, Lincoln, Muller, & Townsend, 2011) in addition to 
enhanced processing and attention to detail of objects that are within the focus of their 
attention (Happé & Frith, 2006).  Together, this hyper-processing of stimuli within the 
focus of attention and impaired processing of stimuli outside of the focus of attention 
make it so that passive tasks may function differently for people with ASD than for 
neurotypicals.  Studies that have employed active tasks (for example, by requiring 
participants to count the stimuli) have less commonly found differences in MMN (e.g., 
Kemner et al., 1995).  Furthermore, Dunn et al. (2008) reported dampened MMN to 
changes in tones in children with ASD relative to typically-developing children in a 
passive condition but typical MMNs when the children were instructed to attend to the 
stimuli.  Delayed or dampened MMNs in passive tasks in individuals with ASD might 
then reflect impairment in the brain’s ability to automatically detect changes in the 
auditory environment when they occur outside the person’s focus of attention, rather than 
a global impairment in detecting auditory changes in general.  In line with this, the P3 
component, which reflects automatic orienting of attention towards a novel stimulus, is 
more consistently found to be absent or dampened in individuals with ASD relative to 
controls than is the MMN (see Bomba & Pang, 2004; Jeste & Nelson, 2009; Kujala et al., 
2013), particularly for linguistic stimuli (Lepisto et al., 2005).   
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Electrophysiological response to repeated and deviant auditory stimuli is only 
beginning to be investigated early in life in individuals with ASD.  Since ASD is 
generally not diagnosed until at least age two it is difficult study in the first year of life.  
One solution is to follow longitudinally infants who are at an increased risk for 
developing ASD (Karmel et al., 2010; Zwaigenbaum et al., 2007).  Because ASD is 
highly heritable, with a recurrence rate of around 20% in siblings (Ozonoff et al., 2011), 
the younger siblings of children with ASD are a commonly used high-risk population for 
studying the unfolding of this disorder in infancy (Zwaigenbaum et al., 2007). 
There is converging evidence that a substantial portion of these of high-risk infant 
siblings (HRA infants) exhibit subtle atypical behavioral, physiological, and neurological 
styles of processing and interacting with the world from early in the first year of life.  
These differences are present before the onset of overt behavioral symptoms, and in many 
cases are endophenotypes in that they are present even in HRA infants who do not 
develop ASD (for reviews, see Elsabbagh & Johnson, 2010; Jones et al., 2014).  Similar 
to HRA infants, older, unaffected first-degree relatives of individuals with ASD also 
exhibit subtly atypical processing and interaction styles, including atypical neural 
processing of auditory and linguistic stimuli (Jansson-Verkasalo et al., 2005; Wilson et 
al., 2013).  However, in contrast to children with ASD who show dampened neural 
response to repeated auditory stimuli relative to typical controls, parents of children with 
ASD show atypically large responses to these stimuli (Jansson-Verkasalo et al., 2005).  
Similarly, during picture-naming and word recognition tasks, children with ASD show 
lower levels of neural response than typically-developing children, while parents of 
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children with ASD show higher levels than control adults (Buard, Rogers, Hepburn, 
Kronberg, & Rojas, 2013; McFadden et al., 2012).  
Together, auditory and linguistic processing is atypical in both in individuals with 
ASD and in their relatives, suggesting that atypical or altered auditory and linguistic 
processing is an endophenotype of autism (Gottesman & Gould, 2003; Viding & 
Blakemore, 2007).  However, some aspects of this alteration manifest differently across 
individuals with ASD and their relatives.  It is possible that both individuals with ASD 
and their relatives share an initial alteration in their auditory/linguistic processing (i.e., 
impaired auditory memory) but that this interacts with other aspects of their development, 
environment, or other genetic make-up to result in opposite patterns of neural response 
across these two groups.  For example, during auditory or language processing, 
unaffected family members may be better than affected individuals at relying on or 
utilizing additional processing tools (such as increased levels of neural activity or 
activation in other neural regions) to help compensate for the potentially negative 
consequences of the inherited atypical processing.  Alternatively, it may be that rather 
than possessing a shared endophenotype, individuals with ASD and their relatives both 
experience alterations relative to neurotypicals in their auditory and linguistic processing, 
but that this stems from inheriting or processing distinct traits relating to these types of 
processing.  In this scenario, the trait present in individuals with ASD may be detrimental 
to their development (e.g., impairment in auditory memory or auditory processing) while 
the trait present in unaffected relatives may be beneficial (e.g., superior auditory memory 
or processing).  Only a limited number of studies have examined the neural correlates of 
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auditory or linguistic processing in individuals with ASD and their relatives, making it 
difficult to distinguish between these two possibilities.  Studying these populations early 
in life may provide additional insight into when atypicalities emerge and the specifics of 
the development of atypicalities within each group.  
To date, only two studies have used oddball paradigms to study 
electrophysiological responses to auditory stimuli in HRA infants (Guiraud et al., 2011; 
Seery et al., 2013).  Guirard et al. (2011) examined ERPs to tones in 9-month-old HRA 
infants.  They found that in low-risk control (LRC) infants, the amplitude of a positive 
component (P150) over right temporal electrodes became smaller in response to 
consecutive repetitions of the standard and then increased in response to a deviant tone 
that differed in pitch from the standard.  In contrast, HRA infants did not show a change 
in amplitude of the P150 in response to either repetitions of the standard or to the deviant 
stimulus. This provides additional support for the idea that altered neural response to 
auditory stimuli is an endophenotype of ASD.  However, in Guiraud et al. (2011), the 
relationships between dampened habituation to tones and the infants’ behavior were not 
explored so the functional implications are unclear.  Dampened neural habituation to the 
standard is consistent with diminished auditory evoked responses in individuals with 
ASD (Buchwald et al., 1992; Donkers et al., 2013; Jansson-Verkasalo et al., 2003), but is 
also potentially consistent with the enlarged amplitude evoked response to repeated 
stimuli found in parents of individuals with ASD (Jansson-Verkasalo et al., 2005).  
In the second study to use an auditory oddball task with HRA infants, Seery et al. 
(2013) examined ERPs to repeated syllables at 6, 9, and 12 months.  This study did not 
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investigate how ERPs changed specifically in response to repetitions of the standard, but 
rather examined whether HRA and LRC infants differed in their responses to standard 
stimuli that were immediately followed by a deviant stimulus and to those deviant 
stimuli.  Both groups showed increased amplitude to the syllable change at all three ages, 
and few differences in amplitude of the P150 were found between LRC and HRA infants. 
It is possible that HRA infants in this study did show dampened habituation to repetitions 
of the standard stimulus, similar to what has been reported for tones (Guirard et al., 2011) 
but that this was not captured because the trials that would exhibit habituation were not 
included in analyses.  In the current study, we explored this possibility and examined the 
functional relationships between ERPs at 9 months and later behavior. 
We investigated response to repeated speech stimuli in 9-month-olds at risk for 
ASD, using a sample expanded from Seery et al. (2013).  We more closely examined 
response to the standard stimuli than in our previous work, this time specifically 
analyzing how HRA infants respond to repetitions of the standard.  We hypothesized that 
atypical neural response to repeated auditory and linguistic stimuli is an endophenotype 
of ASD and thus would be present in response to repeated speech sounds, similar to what 
has been reported for tones (Guiraud et al., 2011).  If atypical response to the standards is 
indicative of some beneficial approach to processing these stimuli, then we expected it to 
be associated with better developmental outcome.  However, if atypical response is 
indicative of disordered processing, then we expect this to be associated with worse 
developmental outcome.  Because the stimuli here are linguistic, we hypothesized that 
this would have particular functional significance for language development.  
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4.2 Methods 
 This IRB-approved study was part of a larger longitudinal investigation of infants 
at risk for ASD conducted by researchers at Boston Children’s Hospital/Harvard Medical 
School and Boston University.  Infants were recruited into the larger study between birth 
and 6 months and participated in a battery of behavioral, electrophysiological, and eye-
tracking tasks during laboratory visits at several different ages (3, 6, 9, 12, 18, 24, and 36 
months).  The focus here was on portions of the electrophysiological data collected 
during the 9-month visit. 
4.2.1 Participants 
 Two groups of infants from monolingual, English-speaking households (English 
spoken ≥75% of the time5) were enrolled.   Infants who had an older sibling with ASD 
(not due to a known genetic disorder; e.g., fragile X syndrome) were designated high risk 
(HRA).  Low-risk control infants (LRC) had at least one typically-developing older 
sibling and no known first-degree relatives with ASD or other neurodevelopmental 
disorders, based on a detailed screening interview.  Infants were excluded if their 
gestational age was less than 36 weeks, had a genetic disorder known to affect 
development, or experienced extensive perinatal/postnatal medical or neurological 
problems.   
Usable ERP data were obtained from 40 HRA (21 male) and 45 LRC infants (23 
male) at 9 months (mean age in days (SD): HRA=280.7(10.2), LRC=281.3(10.8); see 
                                                
5 Although outside the scope of the current project, this paradigm was also used to examine native versus 
non-native language processing, and so infants were not included if they had any exposure to Hindi, 
Bengali, or other similar languages. 
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Table 4.1 for participant characteristics).  Infants were assessed with the Mullen Scales of 
Early Learning (Mullen, 1995) at 6, 12, and 18 months and the Autism Observation 
Diagnostic Schedule (ADOS; Lord et al., 2000) at 18 months.  From the Mullen, a 
developmental assessment, we obtained standardized T-scores for four subscales: Fine 
Motor, Visual Reception, Expressive Language, and Receptive Language.  In line with 
other work on this population, we found no difference between groups (using 
independent-samples t-tests) on subscale T-scores at 6 months (all p>0.5), but at 12 and 
18 months the HRA group scored significantly lower than the LRC group on the Visual 
Reception, Expressive Language, and Receptive Language subscales (all p<.05).  No 
difference was found on the Fine Motor subscale at any age.  It should be noted that 
despite the group differences, both HRA and LRC groups had mean Mullen scores well 
within the average range.  The ADOS, a semi-structured play based interaction designed 
to measure autism symptoms, provides a ‘severity score’ to capture degree of ASD 
symptoms irrespective of language ability.  Severity scores range from 1-10, with higher 
scores indicating higher symptom severity (scores of 4 and higher are indicative of ASD).  
As expected, HRA infants had significantly higher ADOS severity scores at 18 months 
than LRC infants (t(1,64)=3.45, p=.001).  
In order to distinguish between infants who showed preliminary symptoms of 
ASD consistent with a diagnosis and those who did not, the ADOS was again 
administered at 24- and 36-month follow-up visits (although since data collection is still 
ongoing not all infants have reached either of these ages).  Five HRA infants scored 
above ASD cutoff on the ADOS revised algorithm at their most recent follow-up visit (4 
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at 36 months; 1 at 24 months).  The 4 children who scored above the ASD cutoff at 36 
months also exceeded the cut-off at 24 months.  Tentative diagnoses were further 
supported through clinical judgment of ASD in all 5 children.    For some analyses, we 
subdivided the HRA group into ASD (the 5 infants who met criteria for ASD) and HRA-
N (the remaining 35 infants HRA infants) groups.  Examination of the Mullen composite 
scores of the HRA-N group revealed similar means to the entire HRA group.  
Independent-samples t-tests for Mullen subscale and composite standard scores revealed 
similar findings for HRA-N versus LRC comparisons as it did for HRA versus LRC 
comparisons; however, the difference in receptive language ability at 12 months was no 
longer statistically significant (p=.067).  Although one LRC infant scored at the ASD 
cutoff on the ADOS at his 36-month visit, he scored below the threshold at 24 months 
and received a clinical judgment of ‘typically developing’, so he remained in the LRC 
group.  
4.2.2 Stimuli and procedure 
A stream of consonant-vowel stimuli was presented to infants using an oddball 
paradigm.  The standard stimulus (voiced, unaspirated, retroflex stop; /da/) was presented 
80% of the time, and the deviant stimulus (voiceless, aspirated retroflex palatal stop; /ta/) 
was randomly interspersed 10% of the time.6 
A maximum of 600 stimuli were presented at 80db over two bilateral speakers 
using a variable 700ms interstimulus interval.  Throughout the procedure, infants were 
                                                
6 A second deviant was presented the remaining 10% of the time, but is not relevant to the current analyses 
and will not be discussed here.   
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seated on a parent’s lap in a sound-attenuated, dimly lit room and wore either a 64-
channel Geodesic Sensor Net or 128-channel Hydrocel Geodesic Sensor Net (Electrical 
Geodesics Inc., Eugene, OR)7 from which we recorded continuous EEG. To maintain 
infants’ interest and increase toleration tolerance of the electrode net, an experimenter 
was present and the infant was provided with opportunities for quiet toy play, bubble 
blowing, or feeding.  On average the procedure took approximately 15 minutes.  
Additional details about stimulus creation and procedure are given in Seery et al. (2013). 
4.2.3 Analysis of electrophysiological data 
 Continuous EEG was referenced online to vertex (Cz), amplified with a 0.1- to 
100-Hz band-pass filter using an NetAmp 200 or NetAmp300 amplifier8, and digitized at 
250H using NetStation software (Electrical Geodesics Inc.).  EEG was segmented into 
800ms epochs starting 100ms before stimulus onset, digitally filtered using a 30-Hz low-
pass elliptical filter, and baseline-corrected using mean voltage during the 100ms pre-
stimulus baseline period.   
Segments were visually examined for artifacts, and individual channels were 
marked as bad if contaminated by artifacts such as body movement, eye movement, eye-
blinks, or off-scale activity (±200µV).  If more than 15% of the channels in a given 
segment were marked as bad, that entire segment was excluded from analyses.  
Participants with less than 10 acceptable segments in any condition were excluded from 
                                                
7 Due to equipment upgrade that occurred midway through the longitudinal study.  Because we did not 
have any a priori hypotheses that this would affect the data, we did not include it as a covariate in analyses.  
Details about equipment type used for each group of infants are given in Table 4.1. 
8 See footnote 3. Note that for the NetAmp300 Amplifier, the 0.1 Hz high-pass filter was applied offline. 
  
86 
all analyses.  For remaining participants, the bad channels of accepted segments were 
replaced using spherical spline interpolation, then average waveforms for each condition 
were calculated and re-referenced to the average reference.  
 For the current study, we were specifically interested in how infants’ brains 
respond to repetitions of the standard stimulus.  Following Guiraud et al. (2011), we 
segmented the continuous EEG into categories based on ‘runs’ of consecutively 
presented instances of the standard stimulus.  Four categories of stimuli were constructed.  
The first category included only deviant stimuli (/ta/)9.  The remaining three categories 
were constructed from the runs of repeated standards that began immediately after this 
deviant (e.g., /da/ /ta/ /da/ /da/ /da/).  All standards that immediately followed a native 
deviant were included in the ‘first standard’ category (S1; /ta/ /da/). The ‘second 
standard’ (S2) category included all standards that immediately followed an S1 (i.e., the 
two stimuli presented just before the S2 were the deviant and then an S1; /ta/ /da/ /da/).  
Finally, the ‘third standard’ (S3) category included all standards that immediately 
followed an S2 (/ta/ /da/ /da/ /da/). 
It should be noted that since the paradigm was designed such that deviant stimuli 
were randomly interspersed throughout the procedure, there were fewer instances of S2 
stimuli than S1 and fewer S3 than S2 (due to the deviant stimuli ‘interrupting’ the runs of 
consecutive standard stimuli).  The number of usable trials per condition directly 
contributes to the signal-to-noise ratio of ERPs, and the signal-to-noise ratio can have 
                                                
9 To ensure that we captured infants’ response to the deviance of this stimulus, we only included native 
deviants that were immediately preceded by a standard. 
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impact on both the maximum amplitude and latency of ERPs.  Therefore, we analyzed 
average amplitude of the waveform rather than maximum amplitude or latency to the 
peak, since average amplitude is less impacted by differences in number of trials (Luck, 
2005).  The number of usable trials did not differ across groups for any of the four 
categories (all p>.05). 
 Based on previous work, we focused analyses on an early positive component, the 
P150, which is sensitive to stimulus deviance and is maximal over frontal and central 
electrodes (Guiraud et al., 2011; Ortiz-Mantilla et al., 2012; Seery et al., 2013).  
Specifically, we analyzed the average amplitude of the waveform from 150-300ms post 
stimulus onset over four regions of interest (ROIs) over frontal and central electrodes 
from the left and right hemisphere (Figure 4.1). 
4.3 Results 
Waveform graphs are given in Figure 4.2.  We carried out three sets of analyses in 
order to examine how infants responded to the repetition of the standard stimulus, how 
their response changed upon hearing the deviant, and how their ERPs relate to behavior.  
For all analyses, we primarily focused on the full sample of LRC and HRA infants.  Any 
significant group differences were then followed up with analyses using the subset of 
unaffected HRA-N infants.  This approach was selected to determine whether any group 
differences were driven primarily by the infants later diagnosed with ASD or whether 
they reflected possible endophenotypes present in the larger group of HRA infants.  
Because the ASD group was small (5 infants), separate analyses focusing specifically on 
those infants were not performed. 
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4.3.1 How do HRA and LRC infants respond to repetitions of the standard? 
 We were first interested in whether infants showed neural habituation in response 
to successive repetitions of the standard in addition to whether this differed across 
groups.  We ran separate 3x2x2 mixed-model ANOVAs over frontal and central regions 
of interest with condition (S1, S2, S3) and hemisphere (L, R) as repeated factors, group 
(HRA, LRC) as a between-subjects factor, and average amplitude of the P150 as the 
dependent variable.  If the amplitude of the P150 decreased in response to successive 
repetition, this would be captured through a condition effect with amplitude becoming 
smaller between S1 and S3, and if groups differed from each other in their pattern of 
response then this would be captured through a group by condition interaction or a main 
effect of group. 
 The three-way ANOVA over frontal electrodes revealed no significant effects of 
condition, but did reveal a main effect of group (F(1,83)=4.17, p=.044; partial η2=.048) 
such that average amplitudes were larger (more positive) for HRA infants 
(mean=2.90µV, SD=2.54) than LRC infants (mean=1.76µV, SD=2.24; see Figure 4.3a).  
This main effect of group remained significant when comparing only HRA-N and LRC 
infants (F(1,78)=4.57, p=.036; partial η2=.055).  There were no significant effects or 
interactions over central electrodes (all p>.20).  
4.3.2 How do HRA and LRC infants respond to the deviant? 
 For these analyses we investigated infants’ absolute response to the deviant as 
well as their change in response to the deviant relative to the standards. 
Absolute response to deviant stimuli 
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 Using the amplitude of P150 to the deviant as the dependent variable, we ran 
separate 2x2 mixed-model ANOVAs over frontal and central electrodes with hemisphere 
(L, R) as a repeated factor and group (HRA, LRC) as a between-subjects factor.  The 
ANOVA over frontal electrodes revealed no significant main effects or interactions.  
Over central electrodes, the ANOVA revealed a main effect of hemisphere 
(F(1,83)=7.53, p=.007; partial η2=.083) such that amplitude was larger over the left 
hemisphere (mean=4.67µV, SD=3.60) than right (mean=3.31µV, SD=3.53), but no effect 
of group (frontal: F(1,83)=.012, p=.912; partial η2<.001; central: F(1,83)=2.23, p=.139; 
partial η2=.026), suggesting that the absolute response to the deviant did not differ 
between HRA and LRC infants (Figure 4.3b).   
Difference in response between deviant and standard stimuli 
We calculated a difference score by subtracting the response to the standards 
(averaged across S1, S2, and S3) from response to the deviant.  Positive differences scores 
indicate a larger (more positive) P150 in response to the deviant than to the standards.  
We examined whether this score differed significantly from zero for each group (which 
would suggest that each group did indeed exhibit a significant change in response to the 
deviant versus the standards) in addition to examining whether the degree of this change 
differed across groups.  To confirm whether the difference scores were significantly 
different from zero, we performed one-way t-tests for each group and ROI, using a test 
value of zero and applying a Bonferroni correction to account for multiple comparisons.  
Next, to determine whether HRA and LRC infants differed from each other in the 
magnitude of their change in response to the deviant, we ran separate 2x2 mixed-model 
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ANOVAs over frontal and central electrodes with hemisphere (L, R) as the repeated 
factor and group (HRA, LRC) as a between-subjects factor, using difference scores as the 
dependent variable. 
For the difference scores (Figure 4.4), independent samples t-tests confirmed that 
LRC infants showed a significant increase to the deviant relative to the standards over the 
left frontal ROI (mean: 2.63µV, SD=5.11; t(44)=3.45, p=.004) and over the left and right 
central ROIs (Left: mean: 2.94µV, SD=4.29; t(44)=4.61, p<.001; Right: mean: 2.02µV, 
SD=4.23; t(44)=3.20; p=.012).  The HRA infants showed a significant increase to the 
deviant relative to the standards over the left frontal ROI (mean: 1.88µV, SD=4.33; 
t(39)=2.74, p=.036) and left central ROI (mean: 1.67µV, SD=3.71; t(39)=2.85, p=.028). 
 The two-way ANOVAs examining difference scores across groups revealed a 
main effect of hemisphere over frontal (F(1,83)=6.75, p=.011; partial η2=.075) and 
central electrodes (F(1,83)=6.68, p=.012; partial η2=.074) in addition to a main effect of 
group (F(1,83)=5.07, p=.027; partial η2=.058) over central electrodes.  The main effects 
of hemisphere were driven by more positive scores over the left (Frontal: mean=2.27µV, 
SD=4.75; Central: mean=2.35, SD=4.05) than the right hemisphere (Frontal: 
mean=0.93µV, SD=5.06; Central: mean=1.04µV, SD=4.36).  The main effect of group 
over central electrodes was driven by larger scores for LRC (mean= 2.48µV; SD=3.62) 
than for HRA infants (mean= 0.81µV; SD=3.15).  The main effect of group remained 
when comparing only HRA-N and LRC infants (F(1,78)=6.14, p=.015; partial η2=.073).   
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4.3.3 What is the relationship between infants’ ERPs to speech stimuli and later 
behavioral outcomes? 
 For these analyses we investigated the functional implications of elevated ERPs to 
the standards in HRA infants by exploring the relationship with behavior at 18 months.  
To determine whether these relationships were specific to infants’ response to the 
standards or whether they reflected characteristics of their ERPs more broadly, we also 
examined the relationships between ERPs to the deviant stimulus and behavior at 18 
months.  Since there were no differences between response to the first, second, and third 
repetitions of the standard in either group, we averaged the response across these three 
conditions; similarly, because we found no hemisphere by group interaction for either 
type of stimulus, we collapsed ERPs across hemispheres.  We anticipated potentially 
different relationships between ERP and behavior in LRC and HRA infants, and so we 
analyzed each group separately, computing Pearson bivariate correlations between the 
average response to the standards at 9 months and Mullen verbal (Expressive Language 
raw score, Receptive Language raw score) and non-verbal cognitive ability (Visual 
Reception raw score) at 18 months.  For the HRA infants we also examined the 
relationship with autism symptoms, computing Spearman’s correlations between ERPs 
and ADOS severity scores at 18 months (LRC infants did not have enough variance in 
severity scores to allow for meaningful correlations).  
For LRC infants, there were no significant correlations between ERPs and any of 
the behavioral variables.  In contrast, for HRA infants, amplitude of response to the 
standards was positively correlated with expressive language (over both frontal and 
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central ROIs).  Furthermore, for HRA infants, amplitude to the deviants was negatively 
correlated with expressive and receptive language (correlation with expressive language 
was significant over frontal and central ROIs; correlation with receptive language was 
significant over the frontal ROI).  There were no significant associations with Visual 
Reception Scores or with ADOS scores for HRA infants.   A summary of correlation 
coefficients and significance levels are given in Table 4.2, and plots for expressive and 
receptive language are given in Figure 4.5.  Similar relationships were found in the 
subgroup of HRA-N infants. 
4.4 Discussion 
 In this study, we examined how 9-month-old infants at high risk for ASD (HRA) 
respond to repeated speech sounds and to syllable changes.  Analyses focused on the 
average amplitude of a positive component, the P150, over frontal and central electrodes 
in response to three consecutive repetitions of a standard consonant-vowel stimulus as 
well as to infrequent deviant syllable.  Overall, we found that the amplitude of the P150 
did not change between the first and third presentations of the standard stimulus for either 
the LRC or HRA groups.  However, over frontal electrodes, HRA infants had larger 
amplitude response to the first three standard presentations than the LRC infants.  Both 
groups showed increased response to the deviant relative to the standards, but in HRA 
infants this increase was only present over the left hemisphere and, for central electrodes, 
was smaller in magnitude than for LRC infants.  Furthermore, amplitude of response to 
the standards was positively related to later language ability in HRA infants, while 
amplitude of response to the deviant was negatively related to later language ability; no 
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relationships were found for LRC infants.  Below, we discuss the significance of the 
results regarding ERPs the standard stimuli and ERPs the deviant stimulus. 
4.4.1 ERPs to the repeated standards   
 HRA infants exhibited elevated amplitude of response to the standards relative to 
LRC infants, suggesting that something about how they processed these stimuli was 
atypical.  Of note is that HRA infants did not differ from LRC infants in the amplitude of 
response to the deviant, so it was not the case that they had elevated ERPs to speech in 
general.  Rather, the atypically large response appeared to be related to the repetitive 
nature of the standard. This suggests that heightened response to repeated auditory 
stimuli in infancy is an endophenotype of ASD.  Similar findings have been previously 
found in parents of children with ASD, who have been reported to show opposite patterns 
of neural response to auditory and linguistic stimuli as children and adults with ASD 
(Buard et al., 2013; Čeponienē et al., 2003; Donkers et al., 2013; Jansson-Verkasalo et 
al., 2003, 2005; McFadden et al., 2012).  Our results suggest that this pattern is also the 
case in infants, as amplitude of response to the standards was positively correlated with 
language ability at 18 months for HRA infants.  Specifically, HRA infants who had 
atypical large amplitude response to the standards also had better language ability.  The 
mechanism driving the elevated response to standards within HRA infants, then, is 
associated with beneficial language development in contrast to language impairment or to 
other negative developmental consequences.  There was no relationship between 
response to the standards and language ability in LRC infants, further suggesting that 
something about how HRA infants processed or responded to these stimuli was different 
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from typically-developing infants.  
There are several potential explanations for why HRA infants show atypically 
elevated response to the repeated stimuli.  One hypothesis is that HRA infants may 
experience atypical attention modulation and integration, similar to individuals with 
ASD, that affect their ERPs to auditory stimuli in a passive task such as this one.  There 
is evidence that HRA infants and older first-degree relatives of individuals with ASD 
show atypical attention styles (Belmonte, Gomot, & Baron-Cohen, 2010; Briskman, 
Happé, & Frith, 2001; Elsabbagh et al., 2009b; Happé, Briskman, & Frith, 2001), lending 
some support to this hypothesis.  Elevated response to the standards then may arise from 
a tendency to actively attend to the repetitive stimuli during this passive task, more so 
than typically-developing controls, who may be better at simultaneously attending to 
multiple features in their environment (e.g., bubbles, toys, food, or sounds that are 
present during the task).  This could explain both the elevated response to the standards in 
HRA infants in addition to their somewhat dampened additional increase of amplitude in 
response to the deviant (since their response is already enhanced for the standards).   
For our study, which used speech sounds as stimuli, the hypothesis that elevated 
ERPs to the standards is a byproduct of enhanced attention to the stimuli is consistent 
with the finding that the amplitude of infants’ response was related to later language 
ability.  Although it is difficult to determine whether individual infants are attending to 
these repetitive speech sounds (versus other features of the auditory or visual 
environment during the task), we do know from other studies that there is variation 
among HRA infants in their relative preference for listening to speech over other, non-
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linguistic auditory stimuli.  As a group, HRA infants show dampened preference for 
speech over non-speech; however, those HRA infants who do prefer to listen to speech 
have better language ability and later show fewer ASD symptoms (Curtin & 
Vouloumanos, 2013).  Out of the group of HRA infants then, it is likely that infants who 
prefer to listen to language would be the ones showing elevated ERPs (due to this active 
listening) as well as higher later language ability.   
An alternative hypothesis for the elevated amplitudes to the standards in HRA 
infants is that this reflects the use of a compensatory mechanism during speech 
processing.  In this scenario, it may be that an inherited endophenotype causes HRA 
infants to struggle with auditory or linguistic processing, but that HRA infants who 
develop better language are the infants who allocate more, or potentially alternative, 
cognitive or neural resources to processing these stimuli, resulting in enlarged ERPs.  
This allocation of this compensatory mechanism when processing linguistic stimuli may 
ultimately be beneficial for language acquisition. 
4.4.2 ERPs to the deviant stimuli 
 In addition to our findings relating to infants’ response to the standard, we found 
that HRA infants showed somewhat dampened change response to the deviant relative to 
LRC infants and that their absolute amplitude of response to the deviant was negatively 
correlated with language ability.  Although the dampened change response could be due 
solely to the atypically elevated response to the standards, the fact that there was a 
relationship between absolute amplitude of response to the deviant and later language 
ability in HRA, but not LRC, infants suggests that HRA infants may be processing this 
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deviant somewhat atypically.  Furthermore, because larger amplitude response to the 
deviant is related to worse language in HRA infants, there is likely a distinct mechanism 
driving the relationship between behavior and response to the deviant than the 
relationship between behavior and response to the standards.  One possibility is that for 
HRA infants, response to the deviant is modulated by infant characteristics that also 
negatively relate to language ability.  Children with ASD who have superior auditory 
discrimination ability are likely to have experienced delayed language acquisition (Eigsti 
& Fein, 2013; Jones et al., 2009); it may be the case that in the HRA infants here, 
abnormally large response to the deviant reflects some aspect of their auditory 
discrimination ability.  Similarly, temperament characterized by strong positive or 
negative affective reactivity is associated with exaggerated ERPs to deviant auditory 
stimuli in 9-month-old typically-developing infants (Marshall, Reeb, & Fox, 2009), and 
some HRA infants have been reported to exhibit negative affective profiles, particularly 
HRA infants who develop ASD (Garon et al., 2009).  
Alternatively, it is possible that HRA infants exhibited heterogeneity in the 
polarity of their change response, with some infants exhibiting a more positive response 
to the deviant than the standards and others exhibiting the opposite pattern.  It should be 
noted that the infant mismatch response has been reported in the literature alternately as a 
positive-going change in ERP amplitude and in a negative-going change in amplitude, 
and although specifics in equipment may explain some of this variance, there is little 
consensus across researchers as to which polarity to expect (Friederici, 2005). There is 
some indication that, within the sample of participants used in a given study, individual 
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differences in polarity of the mismatch response may relate to language ability (Rivera-
Gaxiola, Klarman, Garcia-Sierra, & Kuhl, 2005a) or to infants’ attention to the stimuli 
(Shafer, Yu, & Garrido-Nag, 2012).  Specifically, Shafer, Yu, & Garrido-Nag (2012) 
found that increased attention to the stimuli was associated with more a negative-going 
than positive-going mismatch response.  This is consistent with the previously-posited 
idea that HRA infants may be actively attending to the linguistic stimuli.  In addition to 
explaining the increased amplitude ERPs to the standards and relationship with language, 
it would then also then be the case that these HRA infants who are attending to the 
stimuli also show more negative mismatch response.  Future work should examine this 
possibility within individual infants.   
4.4.3 General summary 
Taken together, our findings suggest atypical processing of repeated speech 
sounds in infants at risk for ASD in addition to atypical relationships between response to 
speech and behavior.  However, our findings should be considered a first step as further 
research is needed to understand the mechanisms driving these results.  Specifically, it 
would be beneficial to further examine how actively versus passively attending to 
linguistic stimuli affects ERPs in individual infants, as this would help to clarify whether 
attention to the stimuli is driving our findings.  Our work is also limited in a few ways. 
First, we only looked at response to speech, which functions differently from other types 
of auditory stimuli.  Different relationships with language are likely to be found when 
looking at auditory ERPs to non-speech stimuli in HRA infants.  Furthermore, only a 
small number of infants in this study developed ASD, preventing us from examining 
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ERPs specifically in this group.  Examination of the characteristics of ERPs to repeated 
speech in these infants would help us to better understand the functional significance of 
ERPs in the larger group of HRA infants. 
 In sum, we found evidence that elevated response to repeated speech sounds is 
present in 9-month-old HRA infants and may be an endophenotype of ASD.  Elevated 
response was associated with better developmental outcome, suggesting that this 
response pattern, although atypical, is not indicative of disordered processing.  This 
finding adds to a growing body of literature that suggests that, although HRA infants 
differ from low-risk infants in how they process and interact with the world even over the 
first year of life, these differences are not always detrimental for their development.  In 
the findings we report here, infants’ approach to the world may even be protective and 
may be beneficial during tasks like language acquisition.  Future exploration of how 
high-risk infants process and interact with their environment will provide us with a 
deeper understanding of both the early development of ASD and what happens 
differently in high risk infants who do not develop ASD. 
  
99 
Table 4.1 Characteristics of participants included in analyses 
  
HRA LRC
(SD) (SD)
N 40 45
Male: Female 21:19 23:22
Geodesic sensor net:Hydrocel sensor net 18:22 18:27
NetAmp200:NetAmp300 28:12 32:13
S1 trials 27.4 (7.8) 26.4 (7.4)
S2 trials 22.4 (5.8) 21.2 (6.5)
S3 trials 18.3 (5.2) 16.8 (4.6)
Deviant trials 26.9 (7.6) 25.3 (7.0)
6 Month Mullen T-Scores (31 HRA, 37 LRC)
     Visual Reception 48.71 (8.6) 47.86 (7.3) n.s.
     Fine Motor 47.84 (7.2) 47.84 (6.9) n.s.
     Receptive Language 48.23 (8.5) 47.65 (5.7) n.s.
     Expressive Language 45.61 (5.7) 46.51 (5.8) n.s.
12 Month Mullen T-Scores (38 HRA, 41 LRC)
     Visual Reception 53.26 (8.0) 57.20 (8.4) *
     Fine Motor 58.42 (10.4) 61.98 (8.3) n.s.
     Receptive Language 42.53 (10.0) 46.83 (7.4) *
     Expressive Language 45.95 (12.8) 52.12 (8.1) *
18 Month Mullen T-Scores (33 HRA, 35 LRC)
     Visual Reception 48.45 (7.9) 52.47 (7.9) *
     Fine Motor 51.85 (6.8) 53.60 (6.0) n.s.
     Receptive Language 43.27 (13.5) 55.71 (12.8) **
     Expressive Language 48.15 (9.3) 52.89 (7.0) *
18 Month ADOS (31 HRA, 35 LRC)
     Severity Score 2.84 (1.9) 1.54 (0.9) **
** =p<.01; * =p<.05
Table 4.1 
Characteristics of participants included in analyses.
Group
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Figure 4.1 Electrode groupings 
Figure 4.1. Electrode groupings used for the 64-channel Geodesic Sensor Net (on 
left) and the 128-channel HydroCel Sensor Net (on right). The frontal regions of 
interest (ROI) consisted of electrodes F1, F3, F7, AF3 on the left and F2, F4, F8, AF4 
on the right. Central regions of interest consisted of FC1, FC5, C3, C5 on the left and 
FC2, FC6, C4, C6 on the right.
Left frontal 
Right frontal 
Left central 
Right central 
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Figure 4.2 Grand-averaged waveforms for S1, S2, and the deviant
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Figure 4.3 Amplitude of P150 to standards and deviant 
a) Amplitude of response to standards b) Amplitude of response to the deviant
Frontal ROIs Frontal ROIs
Central ROIs Central ROIs
Figure 4.3 Amplitude of the P150 Amplitude of P150 for HRA (red) and LRC (blue) infants. a) Response 
to the three standard conditions (S1=First standard, S2=Second standard, S3=Third standard); b) 
Response to the deviant.
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Figure 4.4 Amplitude of difference scores 
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Figure 4.4 Amplitude of difference scores between response to the 
deviant and response to the standards.  Positive scores indicate 
larger (more positive) P150 to the deviant.
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Table 4.2 Correlation coefficients 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
LRC HRA
Receptive 
language
Expressive 
language
Visual 
reception
Receptive 
language
Expressive 
language
Visual 
reception
ADOS 
severity
Standards (Averaged S1, S2, S3)
Frontal -0.041 0.090 -0.054 0.158 0.350 * 0.245 0.140
Central 0.118 0.094 0.141 0.111 0.399 * 0.208 0.278
Deviants
Frontal -0.226 -0.163 -0.208 -0.460 ** -0.521 ** -0.245 -0.097
Central -0.164 -0.088 -0.164 -0.240 -0.399 * -0.035 0.149
Table 4.2
Correlation coefficients between ERP variables at 9 months and behavior at 18 months
** =p<.01; * =p<.05
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Figure 4.5 Scatterplots of ERPs at 9 months and behavior at 18 months 
 
a) Correlations between P150 to standards (averaged S1, S2, S3) and language raw scores
Frontal ROI Central ROI
HRA                                     LRC HRA                                      LRC
a) Correlations between P150 to the deviant and language raw scores
HRA                                       LRC HRA                                       LRC
Figure 4.5. Correlations between ERP variables at 9 months and language at 18 months. Scatterplots of the 
relationships betwen amplitude of the P150 at 9 months (P150 to the standards in (a) and to the deviant in (b)) and 
Expressive (top) and Receptive (bottom) language raw scores at 18 months for HRA and LRC infants over frontal (left) and 
central (right) ROIs. Correlation coefficients are given in Table 4.2.  For HRA infants, correlations are similar when excluding 
the two participants with lowest Expressive language scores. ** p<.01; * p<.05
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CHAPTER 5: Electrophysiological response to words in toddlers at risk for ASD 
5.1. Introduction 
The DSM-5 no longer includes language impairments as primary symptoms for 
defining autism spectrum disorder (American Psychiatric Association; 2013); 
nevertheless, the majority of people with ASD have problems with language that go 
beyond core deficits in pragmatics.  The degree to which language is affected is 
extremely varied: some individuals with ASD never acquire spoken language while 
others have intact language skills (Kjelgaard & Tager-Flusberg, 2001).  Even individuals 
with ASD (or a history of ASD) who do not have language impairment show subtle 
atypicalities in how they initially learn and generalize words (McGregor & Bean, 2013; 
Norbury et al., 2010; Tek et al., 2008) and in some aspects of their lexical and semantic 
processing and production (Harris et al., 2006; Kamio et al., 2007; Kelley et al., 2006; 
Knaus et al., 2008; Suh et al., 2014).  Atypicalities such as reduced or reversed 
hemispheric lateralization are present in the neural correlates of language processing and 
are evident from early in life (Eyler et al., 2012; Herbert et al., 2002; Kleinhans et al., 
2008b; Knaus et al., 2008; Redcay & Courchesne, 2008), and recent work suggests that 
this also true in infants who are at risk for ASD but who do not develop the disorder 
(Seery et al., 2013).  These high risk infants share several behavioral and 
neurophysiological traits with infants who develop ASD, yet little is known about many 
aspects of their language processing, including how they process individual words.  
ASD is highly heritable, with recent estimates suggesting that approximately 20% 
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of the younger siblings of children with ASD will ultimately be diagnosed with ASD 
(Ozonoff et al., 2011b).  Recently, many research groups have embarked on longitudinal 
studies of these high-risk (HRA) younger siblings in order to better understand how the 
very early development of HRA infants who do not develop ASD differs from the early 
development of those who do (Tager-Flusberg, 2010).  This work has revealed that, 
although these two groups do differ on some traits during the first year of life (for 
example, infants who later receive a diagnosis of ASD show less consonant production 
(Paul et al., 2011), decreased attention to social scenes (Chawarska et al., 2013), slower 
visual orienting (Elison et al., 2013), and atypical neural response to eye gaze (Elsabbagh 
et al., 2012) relative to high-risk infants who do not develop ASD), they also have many 
similarities that differentiate them both from low-risk infants (for review, see Jones et al., 
2014).  Approximately 20%-30% of the HRA infants who do not develop ASD exhibit 
subclinical autism-like traits and language impairments referred to as the ‘broader autism 
phenotype’ (BAP; Georgiades et al., 2013; Messinger et al., 2013).  Furthermore, even 
the remaining unaffected HRA infants have slightly dampened language ability relative 
to low-risk infants, despite not being impaired (Gamliel et al., 2009; Ozonoff et al., 
2014).   
Several studies have examined factors that may contribute to the dampened 
language scores in HRA infants (e.g., Drouker et al., 2013; Malesa et al., 2013; Young et 
al., 2009); however, relatively few have focused specifically on how these infants learn 
and process individual words.  Two recent studies suggest that unaffected HRA toddlers 
do not learn words as easily as LRC toddlers (Bedford et al., 2013; Gliga et al., 2012) and 
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that while HRA toddlers have no trouble using social information and linguistic 
constraints to identify the correct referent of a novel label, this does not necessarily help 
them to ultimately learn that word.  Gliga et al. (2012) found that unaffected HRA three-
year-olds were able to follow a speaker’s gaze to the intended referent of a novel label; 
however, despite this success the toddlers, particularly those with social difficulties (in 
line with BAP), failed to learn the label-object mapping.  Similarly, Bedford et al. (2013) 
found that unaffected HRA two-year-olds were able to use successfully use mutual 
exclusivity to both identify the intended referent of a novel label and to initially learn that 
label-object mapping, yet differed from typically-developing toddlers in their ability to 
use social feedback about that label.  Specifically, typically-developing toddlers in this 
situation tend to forget the label-object mapping over the course of a few minutes unless 
they are provided with ostensive cues about that label.  In contrast, unaffected HRA 
toddlers, particularly those with lower language ability, failed to utilize these social cues 
and did not retain the label either with or without the presence of cues. 
The subtle atypicalities seen with word learning in HRA toddlers appear to be 
most pronounced in social contexts, but it is possible the underlying processing of lexical 
stimuli is also atypical and that this contributes to these effects.  Only one study has 
looked specifically at word processing in HRA infants (Ference & Curtin, 2013).  In 
typical development, English-speaking infants learn by 2 months that the majority of 
words (particularly nouns) follow a trochaic syllabic stress pattern (weak-strong; e.g., 
“SISter”), and they prefer to listen to words with this stress pattern.  Five-month-old 
HRA infants did not show a preference for trochaic words, suggesting that they might not 
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be as sensitive to the lexical-prosodic structure of English.  However, no one has 
examined lexical processing in HRA infants later in development once they have begun 
to attach meaning to words, so it unknown whether atypicalities are also present during 
toddlerhood. 
In toddlers with ASD, there is evidence that lexical processing occurs atypically.  
Kuhl et al. (2013) recorded event-related potentials (ERPs) from 24-month-old toddlers 
with and without ASD in response to words that they understood (known) and words that 
they did not (unknown).  Typically-developing toddlers in this study had ERPs that were 
more negative to known words than unknown words from 200-500ms over a single left 
temporal electrode (T3).  Toddlers with ASD, in contrast, exhibited atypical and variable 
patterns of differential response.  Specifically, ASD toddlers with milder social 
impairment showed a focal differential response to known versus unknown words, 
similar to typically-developing toddlers, but with slightly different topography – response 
was present at the left parietal electrode P3 instead of at T3.  Toddlers with more severe 
social impairments differed quite markedly from both the typical group and the less 
severely impaired toddlers with ASD.  The more severely impaired toddlers’ response to 
known words differed in lateralization from the other groups, and their differential 
response to known versus unknown words was both more diffuse and different in 
topography and lateralization than the other groups: present over right frontal electrodes 
rather than left temporal/parietal.  These findings suggest that toddlers with ASD, in 
particular those who are more socially impaired, process words differently from typically 
developing toddlers and potentially rely on alternate neural resources.  However, in this 
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study the TD comparison group was matched to the ASD groups on chronological age 
rather than language ability or mental age, and the more severely impaired ASD group 
had moderately lower language ability than the less impaired ASD group.  ERPs to 
known and unknown words are known to be strongly related to language ability in TD 
toddlers (Conboy & Mills, 2006; Mills, Plunkett, Prat, & Schafer, 2005), so it is possible 
that the group differences in ERPs reported by Kuhl et al. (2013) may be driven by the 
presence of language impairment in the clinical groups.   
In the current study, we followed a procedure similar to Kuhl et al. (2013) in 
order to investigate how unaffected HRA toddlers process known and unknown words to 
determine whether this population of high risk, yet unimpaired, toddlers exhibits atypical 
lexical processing.  We hypothesized that these unaffected HRA toddlers would show 
differences in their neurophysiological correlates of lexical processing, in line with the 
presence of other linguistic and word learning atypicalities present in this population.  
Building on Kuhl et al.’s findings, we anticipated that HRA 24-month-olds would differ 
from LRC 24-month-olds in the topography of their differential response to known versus 
unknown words and that there would be heterogeneity within the HRA group in specific 
scalp locations where differential response was present.   
We also examined whether unaffected HRA toddlers show atypical lexical 
processing at an earlier age: 18 months.  In typical development, toddlers exhibit a 
specific developmental pattern in their ERPs to known and unknown words.  Throughout 
toddlerhood, known words elicit a more negative ERP than unknown words from 
approximately 200-600ms (Mills, Coffey-Corina, & Neville, 1993, 1997), as was also 
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reported in Kuhl et al. (2013).  However, in younger toddlers (13-17 months) this 
differential response is diffuse and is present bilaterally over a wide region of the scalp, 
while in older toddlers (20 months), differential response is focal and is present only over 
left temporal and parietal electrodes.  The presence of focal versus diffuse response has 
been shown to be more tightly linked to language ability and degree of familiarity with 
the words than it is to chronological age (Conboy & Mills, 2006; Mills et al., 1997, 
2005), thus older toddlers who have lower language ability show an ‘immature’ diffuse 
rather than focal differential response.  No one has examined this paradigm in toddlers 
with or at risk for ASD before 24 months.  Based on previous literature, we hypothesized 
that LRC infants would show a diffuse differential response to known and unknown 
words at 18 months, in contrast to a focal differential response at 24 months.  
Furthermore, we hypothesized that HRA infants would show an even more diffuse 
differential response than LRC infants, since language ability in HRA infants is generally 
dampened relative to LRC infants. 
However, because ERPs to known and unknown words are strongly related to 
concurrent language ability in typically-developing toddlers, we were concerned that any 
potential group differences in ERPs might simply reflect these group differences in 
language ability.  It would be possible for ERPs of the HRA group to appear atypical in 
comparison to ERPs from the LRC group while in reality reflecting appropriate 
processing given their language level.  Therefore, in order to determine whether any 
group differences in our data support the presence of atypical word processing by HRA 
toddlers above and beyond what would be expected by their language level, we 
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additionally examined ERPs to words in HRA and LRC groups that were matched for 
language ability. We hypothesized that if any atypical patterns of response in the full 
HRA group are due only to dampened language ability of these toddlers relative to the 
full LRC group, then language-matched groups should not differ from each other.  In 
contrast, if atypical patterns of response reflect something about how HRA toddlers 
process the stimuli that cannot be explained only by their language levels, then group 
differences would remain. 
5.2. Methods 
 This IRB-approved study was part of a larger longitudinal investigation conducted 
by researchers at Boston Children’s Hospital/Harvard Medical School and Boston 
University.  The larger study involved multiple laboratory visits between 3 and 36 
months; here, we focused on ERP data collected at 18- and 24-month visits.  
5.2.1 Participants 
 Two groups of infants from monolingual, English-speaking households (English 
spoken ≥75% of the time) were included.   Infants who had an older sibling with ASD 
(not due to a known genetic disorder; e.g., fragile X syndrome) were designated high risk 
(HRA).  Low-risk control infants (LRC) had at least one typically-developing older 
sibling and no known first-degree relatives with ASD or other neurodevelopmental 
disorders, based on a detailed screening interview.  Infants were excluded if they had 
gestational age less than 36 weeks, known genetic disorder, or extensive 
perinatal/postnatal medical or neurological problems.   
Eighty-two participants provided usable ERP data at either 18 or 24 months (38 
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HRA, 44 LRC).  Because we were interested primarily in whether unaffected HRA 
toddlers exhibit atypical lexical processing, we did not include toddlers for whom we 
suspected a diagnosis of ASD.  To determine preliminary ASD diagnoses, the Autism 
Diagnostic Observation Schedule (ADOS; Lord et al., 2000) was administered at 24 and 
36 months, and expert clinical judgment was obtained through observation of the ADOS 
at 36 months.  The ADOS, a semi-structured, play based interaction designed to measure 
autism symptoms, allows for calculation of a ‘severity score’ that reflects the presence of 
ASD symptoms while controlling for language ability; higher scores indicate more severe 
symptoms (range: 1-10; scores of 4 and higher are indicative of ASD).  Participants were 
diagnosed with ASD if they had a severity score of 4 or higher on the ADOS at 36 
months and received a clinical judgment of ASD at 36 months, or if they had a severity 
score of 4 or higher on the ADOS at 24 months if no 36-month ADOS available.  In 
addition, we excluded participants for whom we suspected potential developmental delay, 
as these participants might exhibit atypical lexical processing specifically due to that 
delay.  A developmental assessment, the Mullen Scales of Early Learning (Mullen, 
1995), was administered at 18, 24, and 36 months.  Standardized T-scores were obtained 
from four subscales: Fine Motor, Visual Reception, Expressive Language, and Receptive 
Language.  Participants were classified as exhibiting developmental delay if they 
received a T-score lower than 30 on one Mullen subscale at any point or T-scores lower 
than 35 on more than one subscale at a single age.  Twelve participants met our criteria 
for possible ASD or developmental delay and so were excluded from further analyses: 3 
met our criteria for ASD (all from the HRA group), 6 met for developmental delay (2 
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HRA, 4 LRC), and 3 met for both ASD and developmental delay (all HRA).   
Seventy participants remained in the final sample of unimpaired toddlers (30 
HRA; 40 LRC); 41 of these (20 HRA, 21 LRC) contributed usable data at 18 months and 
52 contributed usable data at 24 months (20 HRA; 32 LRC).  In line with other work on 
this population, these unimpaired HRA toddlers scored lower than LRC toddlers on 
multiple subscales of the Mullen, including both expressive and receptive language, at 
both 18 and 24 months and had higher ADOS severity scores at 18 months; however, 
group means on the Mullen were within the average range and average ADOS scores 
were well within the cutoff of clinical concern (see Table 5.1 for details). 
We next created subsamples of HRA and LRC participants who were carefully 
matched on toddlers’ language ability at each age (HRA-Matched, LRC-Matched).  The 
distributions of language scores within each group were such that matching was not 
possible for HRA infants with the lowest language scores, particularly at 18 months, and 
so we included in the subsamples only HRA toddlers whose language ability at the time 
of ERP collection was within the Mullen descriptive category of ‘average’ or higher (i.e., 
concurrent Receptive and Expressive T-scores both greater than or equal to 40); 13 HRA 
toddlers were included at 18 months, and 18 at 24 months. Note that at 24 months, only 
one HRA infant had a language T-score less than 40 (and one infant did not have Mullen 
data available).  We selected comparison groups of LRC infants at each age that were 
matched to individual HRA participants as closely as possible on concurrent receptive 
and expressive language ability and then by the number of usable ERP trials.  
5.2.2 Procedure 
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 At each visit, infants passively listened to a stream of words played over bilateral 
loudspeakers while we collected continuous EEG.  Infants were seated on a parent’s lap 
in a quiet, dimly lit room, and an experimenter remained in the room to ensure that the 
infant remained complacent (providing opportunities for quiet toy play, bubble blowing, 
or snack).  Forty individual words were used, and each was presented a maximum of 
three times resulting in up to 120 total trials.  The procedure took approximately 10 
minutes. 
5.2.3 Stimuli 
Stimuli (all nouns) had a maximum duration of 600ms and were presented from 
two speakers at approximately 70-80 decibels.  Two categories of words were included, 
‘known’ and ‘unknown’.   Order of presentation was randomized across participants, and 
known and unknown stimuli were intermixed.  Known words were twenty words that the 
majority of toddlers are expected to understand, based on the MacArthur-Bates 
Communicative Development Inventories normative data (CDI; Fenson et al., 1993).  
Parents were asked to confirm whether or not their infant comprehended each of the 
known words (on a Likert-type scale ranging from 0-4; 4 being very confident that the 
infant understands the word).  Individual known words that were not confirmed through 
parent report were excluded from that infant’s analyses.  Unknown words were words 
that toddlers were not expected to understand and were matched to individual known 
words on syllabic length and phonemic structure. 
5.2.4 Electrophysiological data 
Continuous EEG was recorded using either a 64-channel Geodesic Sensor Net or 
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a 128-channel HydroCel Geodesic Sensor Net (Electrical Geodesics Inc., Eugene, OR) 
referenced online to vertex (Cz)10. The electrical signal was amplified with either a 
NetAmps 200 or NetAmps 300 amplifier (Electrical Geodesics Inc.)11 using a 0.1- to 
100-Hz band-pass filter, digitized at 250Hz, and stored on a computer drive before being 
processed offline using NetStation software (Electrical Geodesics Inc.).  EEG was 
segmented into 1400ms epochs beginning 100ms before stimulus onset, digitally filtered 
using a 30-Hz low-pass elliptical filter, and baseline-corrected using mean voltage during 
the 100ms pre-stimulus baseline period.   
Segments were then visually examined for artifacts, and individual channels were 
marked as bad if contaminated by artifacts such as body-movement, eye-movement, eye-
blinks, or off-scale activity (±200µV). If more than 15% of the channels in a given 
segment were marked as bad, then that entire segment was excluded from analyses.  
Participants with less than 10 acceptable segments in either condition were excluded from 
remaining analyses.  Many participants had fewer usable segments from the known 
condition than the unknown condition because only known words that were verified 
through parent report were included.  Therefore, we randomly excluded segments as 
needed from whichever condition had a larger number of trials (usually unknown) until 
the number of segments per condition differed by 5 or fewer for each toddler.  For all 
remaining participants, the bad channels of accepted segments were replaced using 
                                                
10 Net type and amplifier were changed due to system upgrades that occurred midway through the project.  
We had no a priori reason to believe that the equipment changes would affect the data, and so they were 
not included as covariates in the analyses.  Details about the equipment usage by group are given in Table 
5.1.  
11 See Footnote 1. Note that for the NA300 amplifier the 0.1 filter was performed offline. 
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spherical spline interpolation and average waveforms for each condition were calculated 
and re-referenced to the average reference. For the full sample, this resulted in an average 
of 29.3 (SD=12.4) known and 31.7 (SD=12.5) unknown usable trials at 18 months and 
30.0 (SD=11.7) known and 30.5 (SD=12.3) unknown trials at 24 months.  There was no 
difference in the number of usable trials between groups at either age (all p>.10). 
Visual inspection of the waveforms at both ages revealed that anterior electrodes 
exhibited a large positive inflection over the beginning of the epoch (approximately 100 
and 500ms) that was followed by a negative inflection.  An anterior-posterior polarity 
inversion was present and so posterior electrodes exhibited a large negative inflection 
followed by a positive inflection. 
Previous literature on this paradigm has primarily focused on a negativity from 
approximately 200-600ms (N200; sometimes conceptualized as an N200 and N350), 
which has been reported over a large portion of the scalp, in addition to an initial 
positivity (P100) that is related to language ability and a later negativity (N600) that is 
related to word type.  However, there are methodological distinctions between our study 
and previous work on this paradigm and as a result there are differences between the 
overall waveforms found in our data and reported in previous literature (e.g., the anterior-
posterior polarity inversion that is seen in our data was not reported in previous work).  
Specifically, we employed high-density electrode nets while previous work on this 
paradigm has used low-density systems.  The use of high-density systems allowed us to 
use an average reference, which is superior to references that rely on only one or two 
scalp locations (Picton et al., 2000).  It is not possible to use an average reference with 
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low-density systems due to the small number of electrodes, and so previous studies have 
primarily employed a linked mastoid reference.  Reference choice can affect the 
topography of the signal quite significantly (e.g., Joyce & Rossion, 2005), so 
topographical differences between the data presented here (referenced to an average 
reference) and the data from previous literature (referenced to the mastoids) are not 
surprising.  Therefore, rather than directly assessing specific components from the 
literature (P100, N200, N600), the analyses here were designed to best capture 
characteristics of the waveform during the overall time course of those components taken 
together (from approximately 50-850ms) and from the broad regions of the scalp where 
they have been investigated.  Thus, we divided the waveform into four 200ms bins 
beginning 50ms after stimulus onset (50-250, 250-450, 450-650, and 650-850ms after 
stimulus onset) and computed eight regions of interest (ROIs).  ROIs (four from each 
hemisphere) were each comprised of data averaged from four electrodes and were chosen 
to broadly map onto areas investigated in previous work as well as to allow us to capture 
a ‘diffuse’ versus ‘focal’ topographical pattern of differential response to known versus 
unknown words.  ROIs were calculated from the following electrodes: Frontal (Left: F1, 
F3, F7, AF3; Right: F2, F4, F8, AF4), Central (Left: FC1, FC5, C3, C5; Right: FC2, 
FC6, C4, C6), Parietal (Left: P1, P5, CP3, CP5; Right: P2, P6, CP4, CP6), Occipital 
(Left: PO3, O1, PO7, P7; Right: PO4, O2, PO8, P8; see Figure 5.1).  
5.2.5 Analytic approach 
At each age, we examined whether there were group differences in how HRA and 
LRC toddlers responded to words.  Furthermore, we examined where on the scalp and 
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when over the course of the waveform toddlers within each group responded 
differentially to known versus unknown words.   
First, we conducted between-group analyses to determine whether HRA and LRC 
participants differed from each other in how they responded to known and unknown 
words.  Because of the aforementioned anterior-posterior polarity inversion, we 
performed separate analyses for anterior and posterior scalp areas.  We performed a 
2x2x4x2 repeated-measures ANOVA at each age and area with region (frontal and 
central for anterior; parietal and occipital for posterior), hemisphere (left, right), time bin 
(50-250, 250-450, 450-650, 650-850), and study group (LRC, HRA) as factors and with 
response to known words as the dependent variable.  Greenhouse-Geisser corrections 
were applied as needed.  Significant main effects and interactions were explored further 
using reduced ANOVAs, paired-sample t-tests, or independent samples t-tests as 
appropriate; all significant follow-up tests that are reported below were significant at 
α=.05.  Similar analyses were then performed using response to unknown words as the 
dependent variable. 
 In addition, we examined the time course and topography of differential response 
to known and unknown words within each group.  Because it was unclear whether the 
scalp location of differential response would match with previous findings in the 
literature (due to reference differences), we performed exploratory analyses by 
calculating difference scores (response to known words minus unknown words) for each 
time bin and region of interest, then performing one-way t-tests to determine which of 
these scores significantly differed from zero.  In order to account for the number of 
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comparisons, a Bonferroni correction would require adjusting the alpha level from 0.05 to 
0.00156.  Because this analysis is exploratory in nature and this strict alpha level may 
result in rejection of true effects, we present here results that are significant at the more 
lenient α=.05 level. 
All analyses were first performed using the full sample of HRA and LRC 
participants in order to identify whether atypical processing was evident in HRA infants.  
Then, similar analyses were performed using the language-matched subsamples in order 
to determine whether atypicalities were present even when accounting for differences in 
language ability across groups.  
5.3. Results 
5.3.1 Response to known words (Full sample) 
 Waveform graphs for response to known words are given in Figure 5.2; means 
and standard deviations are given in Table 5.2.  At both ages, the 4-way ANOVAs over 
both anterior and posterior scalp areas revealed significant main effects of time (18 
anterior: F(3,117)=34.7,p<.001; partial η2=.471; 18 posterior: F(3,117)=23.3, p<.001; 
partial η2=.374; 24 anterior: F(3,150)=38.9, p<.001; partial η2=.437; 24 posterior: 
F(3,150)=19.2, p<.001; partial η2=.277) modulated by time by region interactions (18 
anterior: F(1,117)=6.9, p=.001; partial η2=.175; 18 posterior: F(3,117)=20.6, p<.001; 
partial η2=.346; 24 anterior: F(3,150)=6.7, p=.001; partial η2=.118; 24 posterior: 
F(3,150)=17.7, p<.001; partial η2=.261).  For anterior areas, response was initially 
positive and became negative over later time bins.  Analysis of the interaction revealed 
that at both 18 and 24 months, response over frontal electrodes became more positive 
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between 50 and 450ms and then increasingly more negative between 450 and 850ms, 
while over central electrodes response was positive but unchanging from 50 to 450ms 
and then became increasingly more negative from 450 to 850ms.  For posterior areas, 
response was initially negative and became more positive over later time bins.  At 18 
months, response over parietal electrodes became more negative between 50 and 450ms 
and then became increasingly more positive from 450 to 850ms, while response over 
occipital electrodes became more negative between 50 to 450ms and then was more 
positive only from 650 to 850ms.  At 24 months, response over parietal electrodes 
showed no difference between 50 and 450ms, was most negative from 450-650ms, and 
became more positive by 650-850ms, while response over occipital electrodes did not 
change from 50 to 650ms but then became more positive by 650-850ms.  
 At 18 months, there were no additional main effects or interactions over the 
anterior area, but over the posterior area there was a significant group by region by 
hemisphere interaction (F(1,39)=4.10, p=.050; partial η2=.095).  This interaction was 
driven by the fact for the occipital ROI only, LRC infants but not HRA infants trended 
towards having more negative response over the left than right hemisphere (p=.076).  
 At 24 months, the 4-way ANOVA over anterior electrodes revealed a marginal 
main effect of hemisphere (F(1,50)=3.96, p=.052; partial η2=.073) in addition to 
significant group by hemisphere (F(1,50)=6.79, p=.012; partial η2=.119) and group by 
hemisphere by region (F(1,50)=4.69, p=.035; partial η2=.086) interactions, all modulated 
by a four-way group by time by region by hemisphere interaction (F(3,50)=3.23, p=.043; 
partial η2=.061).  To investigate the 4-way interaction further, we performed reduced 3-
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way ANOVAs within each group.  For LRC infants, there was a significant main effect 
of time (F(3,93)=19.99, p<.001; partial η2=.392) and a time by region interaction 
(F(3,93)=4.55, p=.016; partial η2=.128).  For HRA infants, there were main effects of 
time (F(3,57)=20.19, p<.001; partial η2=.515) and hemisphere (F(1,19)=15.29, p=.001; 
partial η2=.446) in addition to time by hemisphere (F(3,57)=2.99, p=.049; partial 
η2=.136) and region by hemisphere (F(1,19)=14.24, p=.001; partial η2=.428) interactions, 
which was driven by no difference between hemispheres during the 50-250ms time bin 
(p=.155) but more positive response over left than right hemisphere for all later time bins 
(250-850ms; all p<.05).  Furthermore, the region by hemisphere interaction for HRA 
infants was driven by marginally larger response over the left frontal than left central ROI 
(p=.056) but no difference between right frontal and right central ROIs (p=.367). 
 The 4-way ANOVA over posterior electrodes at 24 months additionally revealed 
a time by hemisphere interaction (F(3,150)=3.44, p=.030; partial η2=.064).  Specifically, 
the amplitude of response over the left hemisphere did not change between 50 and 650ms 
and was more negative from 50-650ms than from 650-850ms, while response over the 
right hemisphere became more negative between 50 and 450ms and became more 
positive around 650ms.  
 In sum, although few differences emerged regarding ERPs to known words for 
LRC versus HRA infants, some differences in laterality were present at both ages.  
5.3.2 Response to unknown words (Full sample) 
 Waveform graphs for response to unknown words are given in Figure 5.3; means 
and standard deviations are given in Table 5.2.  Similar to the results for known words, 
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the 4-way ANOVAs for unknown words revealed significant main effects of time (18 
anterior: F(3,117)=30.9, p<.001; partial η2=.443; 18 posterior: F(3,117)=19.5, p<.001; 
partial η2=.333; 24 anterior: F(3,150)=35.6, p<.001; partial η2=.416; 24 posterior: 
F(3,150)=16.0, p<.001; partial η2=.243) modulated by time by region interactions at both 
ages and over both anterior and posterior areas (18 anterior: F(1,117)=10.52, p<.001; 
partial η2=.213; 18 posterior: F(3,117)=20.9, p<.001; partial η2=.348; 24 anterior: 
F(3,150)=6.7, p=.001; partial η2=.117; 24 posterior: F(3,150)=18.2, p<.001; partial 
η2=.267).  Again, over anterior areas response was generally positive during early time 
bins and negative for later time bins.  Specifically, over frontal ROIs amplitude of 
response in 18-month-olds became more positive between 50 and 450ms and then more 
negative between 450 and 850ms and in 24-months-olds did not change between 50 and 
650ms but was more negative from 650-850ms.  Over central ROIs, amplitude of 
response in both 18- and 24-month-olds was positive from 50-450ms and then became 
increasingly more negative from 450-850ms.  Over posterior electrodes response was 
generally negative during early time bins and positive for later time bins.  Specifically, 
over parietal ROIs response became more negative from between 50 to 650ms (although 
at 24 months there was no difference between 50-250ms and 250-450ms time bins) and 
then was more positive during the 650-850ms time bin.  Over occipital ROIs, response at 
18 months became more negative from between 50 to 650ms and then was more positive 
during the 650-850ms time bin, while response at 24 months showed no difference from 
50-650ms and then more positive response at 650-850ms.   
 At 18 months the 4-way ANOVA over anterior electrodes additionally revealed a 
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main effect of hemisphere (F(1,39)=7.36, p=.010; partial η2=.159), modulated by a time 
by region by hemisphere interaction (F(3,117)=4.19, p=.028; partial η2=.097),  as well as 
a time by group interaction (F(3,117)=3.05, p=.047; partial η2=.073).  The time by region 
by hemisphere interaction was driven by the fact that, over frontal electrodes, response 
was significantly more negative over the right than left hemisphere from 450-850ms, 
while over central electrodes, response was significantly more negative over right than 
left hemisphere from 450-650ms only.  The time by group interaction was driven by 
driven by the fact that LRC infants had smaller amplitude response than HRA infants 
from 50-250ms (p=.024).  However, LRC infants displayed a response pattern that 
increased between 50-250 and 250-450ms, remained at that amplitude from 450-650ms, 
and then was smaller again from 650-850ms.  In contrast, HRA infants showed no 
difference in amplitude between 50-250ms and 250-450ms, but then decreased by 450-
650ms and again by 650-850ms.  There were no other significant main effects or 
interactions at 18 months over posterior electrodes. 
 At 24 months, the 4-way ANOVA over anterior electrodes revealed a time by 
hemisphere interaction (F(3,150)=3.03, p=.041; partial η2=.057).  Specifically, response 
was more negative over right than left electrodes from 450-650ms (p=.015).  There were 
no additional significant effects over posterior electrodes. 
 In sum, LRC and HRA infants differed from each other in the timing of their 
response to unknown words at 18 months. In particular, HRA infants showed a larger 
response immediately after hearing the word, while LRC infants had a response that 
peaked later.  No differences were found at 24 months. 
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5.3.3 Differential response to known versus unknown words (Full sample) 
A summary of the significant time bins and regions of interest for each group and 
age is given in Figure 5.4; for mean values and standard deviations see Table 5.2.   
 At 18 months, LRC infants showed a more positive response to known than 
unknown words beginning at the 50-250ms time bin over frontal electrodes bilaterally (L: 
t(20)=2.71, p=.014, Cohen’s d=1.21; R: t(20)=4.24, p<.001, Cohen’s d=1.90) and 
continuing over right frontal electrodes until 450ms (t(20)=3.18, p=.005, Cohen’s 
d=1.42).  In addition, they showed a more negative response to known than unknown 
words from 50-450ms over left parietal (50-250: t(20)=-2.57, p=.018, Cohen’s d=1.15; 
250-450: t(20)=-3.76, p=.001, Cohen’s d=1.68) and occipital electrodes (50-250: t(20)=-
2.71, p=.013, Cohen’s d=1.21; 250-450: t(20)=-2.36, p=.029, Cohen’s d=1.05), from 
650-850ms over left parietal electrodes (t(20)=-3.02, p=.007, Cohen’s d=1.35), and from 
250-650ms over right parietal electrodes (250-450: t(20)=-2.58, p=.018, Cohen’s d=1.15; 
t(20)=-2.17, p=.047, Cohen’s d=0.95).  At 24 months, LRC infants showed more negative 
response to known than unknown words during the 250-450ms time bin over left central 
electrodes (t(31)=2.08, p=.046, Cohen’s d=0.75).  
In contrast, HRA infants at 18 months showed no significant differences between 
known and unknown words over any time bins or ROIs (all p>.05).  At 24 months, HRA 
infants showed more negative response to known than unknown words during the 250-
450ms time bin over right occipital electrodes (t(19)=-2.19, p=.041, Cohen’s d=1.00).   
5.3.4 Language-matched sample 
Results were fairly similar to those for the full sample, and so for the sake of 
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brevity we report here only on group effects that either are significant here or were 
significant in analyses of the full sample. 
There were no significant effects of or interactions with group at 18 months for 
either known or unknown words.  In contrast, at 24 months, the ANOVA for known 
words over anterior electrodes revealed a group by hemisphere interaction (F(1,34)=4.41, 
p=.043; partial η2=.115).  This interaction was driven by asymmetric response in the 
HRA-Matched group (p=.007), with more negative response over the right hemisphere, 
but not the LRC group (p=.920).  In addition, the ANOVA for unknown words at 24 
months revealed a group by hemisphere interaction over posterior electrodes 
(F(1,34)=4.14, p=.050; partial η2=.109); however, the follow-up tests were not 
significant. 
Of note is that the previously found group by region by hemisphere interaction to 
known words over posterior electrodes at 18 months was no longer significant 
(F(1,24)=.042, p=.948; partial η2<.001) and the group by time interaction to unknown 
words over anterior electrodes at 18 months was now a trend (F(3,72)=2.63, p=.077; 
partial η2=.099). 
Finally, analysis of differential response revealed only subtle changes for the 
LRC-Matched group relative to the full LRC-group, details are given in Figure 5.5.  At 
18 months, the HRA-Matched group now showed marginally more negative response to 
known than unknown words from 450-650ms over left central electrodes (t(12)=-2.13, 
p=.054, Cohen’s d=1.23); however, no other time bins or locations showed significant 
differences.  At 24 months, the HRA-Matched subsample showed significantly more 
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positive response to known than unknown words from 250-450ms over left parietal 
electrodes (t(17)=2.42, p=.027, Cohen’s d=1.17), and significantly more negative 
response to known than unknown words from 250-450 over right occipital electrodes 
(t(17)=-2.24, p=.039, Cohen’s d=1.09; see Figure 5.5).  
5.4. Discussion 
 In this study, we examined how unaffected infants at risk for ASD process 
familiar and unfamiliar words.  Specifically, we recorded event-related potentials at 18 
and 24 months while high risk (HRA) and low risk (LRC) toddlers listened to words that 
they understood (known words) and words that they did not (unknown words).  At both 
18 and 24 months, LRC infants had distinct ERPs to known and to unknown words.  For 
LRC infants, at 18 months the difference between their ERPs to known and unknown 
words was diffuse and was present over a large portion of the scalp, including anterior 
and posterior sites from both hemispheres, while at 24 months, the ERPs only differed 
over left central electrodes. In contrast, HRA toddlers at 18 months showed no evidence 
of differential response to known versus unknown words.  At 24 months, differential 
response was observed, but only over the occipital region of interest in the right 
hemisphere.  Direct comparison of ERPs from HRA and LRC toddlers revealed that HRA 
18-month-olds differed from LRC 18-month-olds in ERPs to both known and unknown 
words, while HRA 24-month-olds differed from LRC 24-month-olds in ERPs to known 
words.  For known words, HRA toddlers differed from LRC toddlers in lateralization of 
response at 18 and 24 months in addition to topography of response at 24 months.  For 
unknown words, HRA toddlers differed from LRC toddlers at 18 months in their timing 
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of response; specifically, HRA toddlers showed a larger response than LRC immediately 
after the onset of the word, but LRC toddlers showed a more sustained positivity from 
250-650ms after the onset.  Although fewer group differences were evident when 
examining language-matched groups of HRA and LRC toddlers, atypical lateralization in 
HRA relative to language-matched LRC toddlers was still present at 24 months.  We 
discuss below how these findings fit within the context of the typical literature on ERPs 
to words in toddlers and then discuss implications for infants at risk for ASD. 
5.4.1 ERPs to known and unknown words in typical development 
To our knowledge, this is the first study to examine ERPs to known and unknown 
words in toddlers during passive listening using a high-density electrode system and an 
average reference.  Previous studies of this paradigm have used low-density systems 
referenced to the mastoid(s).  As a consequence of this methodological distinction, the 
topography of our waveforms differed substantially from that of previous work.  
Nevertheless, our analyses revealed a similar pattern of difference between ERPs to 
known words and ERPs to unknown words.   
Both in the current study and in previous literature, younger typically-developing 
toddlers showed differential ERPs to known versus unknown words bilaterally and over a 
large portion of the scalp, while in older toddlers showed a more focal differential 
response that was present only in the left hemisphere (Mills et al., 1993, 1997).  This 
developmental change is thought to reflect increasing familiarity with the individual 
‘known’ words.  Specifically, as typically-developing infants gain experience with 
language, the strength and sophistication of their representations of known words 
  
129 
increase and less cognitive effort is required for processing these words (Mills et al., 
2005).  The knowledge that this developmental pattern regarding differential ERPs to 
known versus unknown words is reflected similarly in high-density nets referenced to the 
average reference as it is to nets or electrodes referenced to mastoids is useful going 
forward as an increasing number of researchers begin to turn to high-density ERP 
systems and thus have the option to use an average reference. 
5.4.2 ERPs to known and unknown words in HRA infants 
We had hypothesized that, like LRC toddlers, HRA 18-month-olds would show a 
diffuse pattern of differential response to known versus unknown words and that, due to 
group differences in language ability, HRA toddlers might even show a more diffuse 
pattern of response than LRC toddlers.  However, this hypothesis was not supported; in 
contrast, HRA 18-month-olds as a group showed no evidence of differential response to 
known versus unknown words.    
It is possible that lack of differential response in HRA 18-month-olds might be 
due to some artifact of the study design; namely, that either they did not understand the 
‘known’ words or that they did understand the ‘unknown’ words.  However, we do not 
believe that this is the case.  First, all ‘known’ words were verified through parent report, 
and so it is unlikely that lack of differential response is due to HRA toddlers not 
understanding the known words.  Parent report has been shown provide highly valid 
information about vocabulary in toddlers with ASD (Luyster, Kadlec, Carter, & Tager-
Flusberg, 2008), so it is also unlikely that parents were not providing accurate 
information about the words that their child knew.  Furthermore, although we did not 
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assess infants’ knowledge of the unknown words, is unlikely that lack of differential 
response is due to HRA toddlers understanding these ‘unknown’ words.  If so, we would 
also expect this lack of differential response in LRC toddlers, who had stronger language 
abilities than HRA toddlers. 
Assuming that HRA toddlers truly do know the ‘known’ words and do not know 
the ‘unknown’ words, what might be driving the lack of differential ERPs between these 
categories of words?  One possibly is that individual HRA infants do show diffuse 
differential response to known versus unknown words, but that heterogeneity across HRA 
infants ultimately masks these individual effects.  Kuhl et al. (2013) found this to be the 
true in toddlers with ASD; specifically, toddlers with ASD who had better social ability 
showed very different patterns of differential ERPs than toddlers with more impaired 
social ability.  The idea that this might be the case in our data as well is supported by the 
fact that the full sample of unaffected HRA 18-month-olds revealed no ROIs with 
differential response to known versus unknown words, but excluding HRA toddlers who 
had the lowest language abilities resulted in the emergence of some differential response.  
It may be the case then that this subgroup of HRA infants with low language ability 
differs from the larger group in the topography of their ERPs to known versus unknown 
words and that including them in the group averages obscures the findings in the larger 
group.  If so, this may potentially be due to heterogeneity across subgroups of HRA 
infants in the specific neural regions that are generating the ERPs or in differences in 
amount of neural activation to the two types of stimuli.  Similar heterogeneity may be 
evident across other phenotypic subgroups of unaffected HRA infants, for example 
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infants who display BAP-like traits versus infants who do not; future work should 
examine these types of subgroups more closely. 
Alternatively, it is possible that, at 18 months, HRA infants simply do not exhibit 
diffuse differential response to known versus unknown words in a way similar to LRC 
toddlers.   It has been argued that this diffuse differential response reflects effortful 
processing of known words that is common in the initial stages of word learning, 
particularly before the vocabulary burst.  The lack of differential response in HRA infants 
may potentially reflect: more efficient processing by HRA infants (i.e., processing that is 
developmentally advanced relative to LRC infants); a failure to process known words in a 
rich, developmentally appropriate way; or atypicalities in processing the unknown words 
(which could prevent the appearance of differential response).  The first of these three 
theories, that HRA infants process known words in a developmentally advanced way, is 
unlikely to be driving the lack of differential response due to the fact that the HRA 
infants as a group had lower language ability than LRC infants.  The second theory, that 
HRA toddlers do not engage in this effortful processing of known words, is partially 
supported by group differences in response to known words over the left hemisphere, 
which in typical development is associated with strength of representation of the word 
and efficiency of processing words in general (Mills et al., 2005). Finally, the third 
theory, that differences in ERPs to the unknown words may be driving the lack of 
differential response is potentially supported by group differences between LRC and 
HRA infants in their ERPs to unknown words.  Over frontal electrodes, HRA toddlers 
showed larger response than LRC toddlers immediately after hearing the word (50-
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250ms) but LRC showed a sustained larger response later.  This distinction may 
potentially reflect underlying differences in how HRA and LRC infants process unknown 
words.  Previous work on older, highly-verbal children with ASD suggests that these 
children show relative strengths over typically-developing children in learning and 
maintaining the phonological form of a novel word, while typically-developing children 
are stronger at learning and maintaining the semantic meaning of that word (Norbury et 
al., 2010).  Earlier lexical ERP components are thought to relate more to sensory or 
phonetic processing, versus later components that relate more to semantic processing, and 
so it may be the case that HRA 18-month-olds attend to or process different features of 
unknown words than LRC infants.   However, this difference in timing was not 
significant in the language-matched subgroup, suggesting that it may have been driven 
either by HRA infants with the lowest language abilities or by the discrepant language 
abilities in the full HRA versus LRC sample.   
Next, consider the results at 24 months.  At this age, LRC toddlers show a focal, 
rather than diffuse, differential response to known versus unknown words.  HRA toddlers 
also show a focal differential response at this age; however, it is present in the opposite 
hemisphere of LRC toddlers and in a different scalp location. This is in line with findings 
from Kuhl et al. (2013), although in their study atypical topography was most evident in 
toddlers with more severe social impairments and was not as pronounced in toddlers with 
less severe social impairments.  The toddlers in our sample did not have ASD, and thus 
exhibit this atypical pattern even in the absence of clinical-level social impairments.  
Excluding the participant with the lowest language score resulted in emergence of a 
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significant differential response over left parietal electrodes.  This differential response at 
first glance appears to be similar in topography to that of LRC toddlers; however, closer 
examination reveals that it is in the opposite direction to that of LRC toddlers and that 
they have more positive response to known words than unknown words. Furthermore, 24-
month-old HRA toddlers had atypical lateralization of response specifically to known 
words relative LRC toddlers; however, this was driven by HRA, but not LRC, toddlers 
exhibiting lateralized response, even after controlling for language ability.  This may 
reflect exacerbated neural activity in response to known words in HRA infants.  
However, exacerbated activity can occur both as a consequence of difficulty with the 
processing at hand (i.e., directly reflecting inefficient processing, as is thought to be the 
case in younger toddlers) or as a result of increased allocation of neural or cognitive 
resources for other reasons (i.e., increased attention to the stimulus).  In order to tease 
apart these possibilities, future work should examine more closely how ERPs to words 
relate to language ability in HRA infants.  
These findings, when considered alongside the work by Kuhl et al. (2013), 
provide evidence that the developmental pathways of word processing are altered in HRA 
infants and in infants who develop ASD.  Most striking is the failure to exhibit a diffuse 
differential response to known versus unknown words in early toddlerhood.  Both the 18-
month-olds HRA toddlers in the current work and the lower-functioning 24-month-olds 
with ASD in Kuhl et al.’s work failed to exhibit broad, bilateral differential response, 
suggesting that the absence of this developmental signature may be an endophenotype of 
ASD.  However, longitudinal examination of HRA toddlers and toddlers with ASD are 
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necessary in order to confirm this developmental pattern and to understand how it might 
be different for infants who develop ASD versus HRA infants who do not. 
5.4.3 General Conclusions 
Overall, we have evidence that unaffected HRA infants show atypicalities in their 
neural response to known and unknown words at 18 and 24 months.  However, there are 
some limitations in our data that restrict the interpretations that we can make.  
Specifically, the HRA and LRC groups differed from each other in their language 
profiles, and so in order to compare groups that were matched on language ability, it was 
necessary to exclude HRA infants from the lower tail of the distribution and exclude LRC 
infants from the higher tail of the distribution.  As a result, it is not clear whether 
discrepant findings between analyses on the full samples and analyses on the matched 
samples are due to the loss of these lower-language infants, who form an important and 
valuable part of the variance in this sample, or due to the fact that language ability was 
accounted for in the matched groups.  The inclusion of comparison groups that are either 
language impaired or typically-developing toddlers who are slightly younger in 
chronological age (and thus lower in language ability) may help to better understand the 
results.  Furthermore, it should be noted that a relatively small number of participants 
were included, particularly in the language-matched samples; future work should be done 
to replicate these findings in larger samples.  As a consequence of our small sample, we 
were unable to look longitudinally at trajectories of developmental change within 
individual infants.  Longitudinal analyses may provide additional insight into the 
development of lexical processing in HRA infants; in particular, they may help us to 
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understand whether individual HRA infants exhibit a trajectory of ‘diffuse to narrow’ 
differential response to known versus unknown words.   
Our findings contribute to a growing body of literature that suggests that the 
experiences of HRA infants and toddlers differ in many ways from the typical population.  
This underscores the fact that in order to fully understand ASD, it is not enough to simply 
investigate children with a clinical diagnosis.  Many traits thought to be specific to ASD 
are in fact potentially endophenotypes in that they are also shared by unaffected family 
members (Gottesman & Gould, 2003; Viding & Blakemore, 2007).   
We have evidence here for one such possible endophenotype, namely, atypical 
neurophysiological response to known versus unknown words during toddlerhood; 
however, more work is necessary in order to understand this finding.  Our study was the 
first to examine response to these types of stimuli in HRA participants, and so the 
approach that we took was somewhat exploratory.  Future work should investigate these 
findings further in order to better understand similarities and differences in lexical 
processing between unaffected HRA toddlers and toddlers with ASD and to understand 
the implications for development. 
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Table 5.1 Characteristics of participants included in analyses 
HRA LRC
Overall sample (SD) (SD)
N 30 40
Male: Female 15:15 23:17
18 Month Mullen T-Scores (29 HRA, 40 LRC)
     Visual Reception 48.3 (7.4) 53.5 (7.6) **
     Fine Motor 53.3 (7.03) 54.0 (6.7) n.s.
     Receptive Language 46.4 (12.8) 56.0 (12.1) **
     Expressive Language 48.9 (6.3) 52.2 (6.0) *
24 Month Mullen T-Scores (25 HRA, 40 LRC)
     Visual Reception 53.6 (9.8) 58.8 (9.5) *
     Fine Motor 50.5 (8.6) 55.7 (10.6) *
     Receptive Language 54.0 (8.0) 59.5 (7.2) **
     Expressive Language 52.3 (5.6) 58.7 (8.1) **
36 Month Mullen T-Scores (19 HRA, 33 LRC)
     Visual Reception 54.8 (9.9) 63.2 (10.1) **
     Fine Motor 48.0 (8.7) 54.2 (13.2) *
     Receptive Language 51.2 (6.9) 57.9 (7.7) **
     Expressive Language 55.5 (5.7) 60.4 (7.9) *
18 Month ADOS Severity Score (28 HRA, 38 LRC) 2.3 (1.9) 1.4 (0.8) *
24 Month ADOS Severity Score (25 HRA, 38 LRC) 2.0 (1.2) 1.5 (0.8) n.s.
36 Month ADOS Severity Score (19 HRA, 30 LRC) 1.4 (0.6) 1.4 (0.7) n.s.
18 mo visit 
N 20 21
Age days (SD) 558.2 (11.9) 555.7 (8.9)
Male: Female 9:11 12:9
Geodesic sensor net:Hydrocel sensor net 7:13 4:17
NetAmp200:NetAmp300 15:6 9:12
Number of trials (known) 32.5 (12.9) 27.5 (12.3)
24 mo visit 
N 20 32
Age days (SD) 743.6 (16.9) 748.8 (19.4)
Male: Female 9:11 19:13
Geodesic sensor net:Hydrocel sensor net 4:16 3:29
NetAmp200:NetAmp300 11:9 8:24
Number of trials (known) 30.0 (13.1) 32.4(12.3)
** <.01; *<.05
Table 5.1 
Characteristics of participants included in analyses.
Group
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Figure 5.1 Regions of interest 
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Figure 5.2 Waveform graphs to known words 
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Figure 5.3 Waveform graphs to unknown words 
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Figure 5.4 Waveform graphs to known versus unknown words for full sample  
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Figure 5.5 Waveform graphs to known versus unknown words for matched sample   
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CHAPTER 6: General Discussion 
 In this dissertation, four studies were completed with the goal of addressing two 
specific aims: to understand, through examination of ERPs, how infants at risk for ASD 
process language and to understand how phenotypic subgroups within the overall group 
of high-risk infants differ from each other in their language processing.  Chapters 2, 4, 
and 5 focused primarily on the first specific aim, while Chapter 3 addressed the second 
specific aim. 
 Chapters 2, 3, and 4 all involved data collected during an oddball paradigm where 
infants listened to a repeated consonant-vowel stimulus (standard) intermixed with 
relatively infrequent deviant stimuli.  Chapters 2 and 3 analyzed ERPs to the deviant 
stimuli and to the standards that were presented immediately before these deviants in 
order to examine infants’ neural response to native and non-native contrasts at 6, 9, and 
12 months: Chapter 2 examined group differences between LRC and HRA infants while 
Chapter 3 looked more closely at differences between infants who developed ASD, BAP, 
or neither.  Infants across groups showed over frontal electrodes increased amplitude of 
an initial positive component, the P150, to the native deviant relative to the standard at 6, 
9, and 12 months and showed increased amplitude to the non-native deviant relative to 
the standard at 6 months and to some degree at 9 months.  In contrast, at 12 months, 
amplitude of the P150 was larger only to the native deviant relative to the standard, 
suggesting that infants across groups had by this point experienced perceptual narrowing.  
In Chapter 2, examination of a later negative component, the LSW, showed hemispheric 
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lateralization at 9 and 12 months in LRC infants but no lateralization in HRA infants at 
either age.  Findings from Chapter 3 suggested that, at 12 months, HRA infants who 
develop ASD show reversed hemispheric lateralization of the LSW while HRA infants 
who do not develop ASD show a lack of lateralization in either direction.  
 In contrast to Chapters 2 and 3, which were primarily interested in how infants 
responded to the deviant stimuli, Chapter 4 focused on HRA and LRC infants’ response 
to the standard stimulus and in particular looked at response to consecutive repetitions of 
the standard.  As a group, 9-month-old HRA infants had larger amplitude P150s to the 
standards than LRC infants.  Further examination of this atypical pattern of heightened 
amplitude revealed that it was correlated with better language at 18 months for HRA 
infants only, suggesting that the atypicality is associated with behavioral benefit rather 
than impairment.   
 Finally, Chapter 5 examined ERPs to words over the second year of life in HRA 
infants who did not develop ASD, focusing in particular on differential ERPs to known 
versus unknown words.  Eighteen-month-old LRC infants exhibited diffuse differential 
response to known versus unknown words that was present over much of the scalp, while 
24-month-old LRC infants had focal differential response that was only evident over left 
central electrodes.  Eighteen-month-old HRA infants differed from LRC infants in their 
ERPs to both known and unknown words, and unlike LRC infants their ERPs showed no 
differential response to known versus unknown words.  Twenty-four-month-old HRA 
infants differed from LRC infants in their ERPs to known words and showed differential 
response to known versus unknown words over right occipital electrodes rather than left 
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central electrodes.  Some, but not all, of these atypicalities were mitigated when 
examining only HRA infants with unimpaired language ability and language-matched 
LRC infants. 
 The findings from these four studies provide evidence for atypical neural response 
to language in HRA during much of infancy.   Below, we examine what these findings 
suggest about language processing in general in infants at risk for ASD and then discuss 
specifically the findings relating to atypical hemispheric lateralization for language.  We 
then discuss what these findings together tell us about early development of infants who 
develop ASD, high-risk infants who develop BAP, and high-risk infants who are 
behaviorally typically developing.  Finally, we consider implications for early 
intervention, limitations of the studies that were presented here, and potential areas of 
further inquiry. 
6.1 Language processing in infants at risk for ASD 
 Three facets of language processing were studied in this dissertation: phonemic 
perceptual narrowing during the first year of life, neural evoked response to speech 
during the first year of life, and word processing during the second year of life.   
 As outlined above, our findings suggest that phonemic perceptual narrowing is 
largely preserved in HRA infants.  By 12 months, the amplitude of infants’ P150 was no 
longer sensitive to non-native speech contrasts and no group differences were evident 
either when comparing LRC against HRA infants or when looking more closely within 
the HRA infants to compare infants who developed ASD against infants who did not. 
Perceptual narrowing has been hypothesized to occur in situations that involve 
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social-communicative learning (Pascalis et al., 2014), and there is evidence that infants 
only maintain non-native phonemes for languages that they have been exposed to through 
interactions with live speakers (Kuhl et al., 2003).  The fact that we did not find evidence 
for delayed perceptual narrowing in HRA infants, even in those who develop ASD, 
suggests that these infants are sufficiently engaged with their linguistic and social 
environments to support appropriate narrowing.  This is not fully unexpected, as 
phonemic perceptual narrowing to consonants occurs at some point by or before 10-12 
months of age and behavioral symptoms of ASD do not begin to emerge until this time 
(Jones et al., 2014; Rivera-Gaxiola et al., 2005b; Werker & Tees, 1984).  Although subtle 
atypicalities in social attention and communication are present over the first year of life in 
both HRA infants who develop ASD and those who do not (Chawarska et al., 2013; 
Curtin & Vouloumanos, 2013; Paul et al., 2011), at 6 months these two groups of infants 
are essentially indistinguishable from each other at the behavioral level and appear 
similar to low risk infants in terms of many aspects of their social behavior (e.g., eye 
contact, social engagement; Mitchell et al., 2006; Ozonoff et al., 2008a).  Furthermore, 
while infants from Kuhl, Tsao, and Liu (2013) required in-person exposure to a foreign 
language in order to maintain phonemic contrasts to that language, the amount of 
exposure required was fairly minimal, and infants in that study only heard the language 
for approximately 30 minutes per day and a few days per week.  Although the amount of 
spoken language that infants hear throughout the day is quite variable across infants and 
families (Weisleder & Fernald, 2013), children in general have more intensive exposure 
to their native language over the course of a day than the infants from Kuhl et al. (2013) 
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did to the foreign language.  Even if infants who develop ASD are not as attentive to this 
linguistic exposure as typically-developing infants, the fact that they are fairly socially 
engaged during the first year of life appears to provide them with access to enough 
linguistic input so that perceptual narrowing is not derailed.  It may be the case that 
language processing is more strongly impacted over the second year of life, after 
behavioral symptoms have begun to emerge.  We did not have a large enough sample to 
examine ERPs to words at 18 or 24 months in infants who developed ASD; however, 
future work should address whether ERPs are more severely affected at these ages. 
Despite the lack of evidence for delayed perceptual narrowing, we did find that 
infants who developed ASD showed atypically fast ERPs to non-native phonemes at 9 
months, suggesting a possibility that some aspect of their native versus non-native 
language processing is disrupted.  This was not the case in HRA-Typ or HRA-Atyp 
subgroups, suggesting that it is unique to ASD, and is potentially in line with findings 
from older children with ASD.  Specifically, despite the fact that high-functioning 
children with ASD show an appropriate lack of ability to discriminate non-native 
phonemic contrasts (Constantino et al., 2007), they show somewhat less advantage when 
categorizing syllables among native contrasts than among non-native contrasts relative to 
controls (DePape et al., 2012), suggesting that some residual atypicality in processing 
non-native speech is present in childhood.  It was hypothesized in DePape et al. (2012) 
that these findings might be due to atypicalities with or interference from acoustic 
processing of the phonetic information from the stimulus in individuals with ASD; 
similar issues could be driving the results here in infants who develop ASD.   
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In addition to perceptual narrowing, we examined whether HRA and LRC infants 
differed from each other in their auditory evoked potentials to repeated speech sounds 
(Chapter 4).  Specifically, HRA infants had larger amplitude evoked response (as 
measured by the P150) to these repeated sounds than LRC infants; however, for HRA 
infants large (i.e., atypical) P150s were associated with better, not worse, later language 
ability.  One potential explanation for this finding is that large evoked response in HRA 
infants is driven by enhanced levels of attention to the speech stimuli by these HRA 
infants.  Preference for linguistic over non-linguistic auditory stimuli is dampened in 
children with ASD and HRA infants, and preference for non-linguistic auditory stimuli is 
associated with lower language ability in these populations (Curtin & Vouloumanos, 
2013; Kuhl et al., 2005).  Despite this, many children with ASD and many HRA infants 
do prefer to listen to speech over non-speech, and this preferential style is associated with 
better language ability.  A preference for speech stimuli, combined with potential 
atypicalities in attention modulation (Elsabbagh et al., 2009b; Ibanez, Messinger, Newell, 
Lambert, & Sheskin, 2008), may result in some of the HRA infants allocating increased 
attention to the ambient linguistic stimuli used in the task here, in turn modulating the 
amplitude of the evoked response in addition to later language ability.  This explanation, 
which implies that HRA infants are motivated to attend to language, is consistent with 
our findings from Chapters 2-3, which also suggest that HRA infants, regardless of 
developmental outcome, are attentive to and engaged with their linguistic environment.  
Finally, examination of ERPs to words in unaffected HRA infants at 18 and 24 
months suggests that these infants show atypical ERPs to words.  Particularly striking 
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was the finding that HRA 18-month-olds, despite not developing ASD and even when 
excluding infants with very low language ability, show no or minimal difference in their 
ERPs to words that they know versus ERPS to words that they do not know.  This is in 
stark contrast to typically-developing infants, who at this age show a diffuse differential 
response to known versus unknown that is present bilaterally and over much of the scalp.  
It is unclear why HRA infants do not show a diffuse neural signature to words that they 
know versus words that they do not, but one possibility is that these infants fail to engage 
in intensive, effortful, processing of familiar word forms the way that young LRC 
toddlers do.  As a result, the neural response to known words does not differ from 
response to unknown words.  If this is the case, it might make word learning difficult.  
Two recent studies have shown that unaffected HRA toddlers do not learn words as easily 
as LRC toddlers.  Specifically, they are able to accurately identify the referent of a novel 
label using information such as a speaker’s eye gaze or mutual exclusivity, yet fail to 
learn that label-object pairing (Bedford et al., 2013; Gliga et al., 2012).  In typically 
developing toddlers, the process of learning the mapping between a previously unknown 
word and its referent, even after relatively few exposures to that word-object pairing, 
causes changes in the toddlers’ neural response such that ERPs to that label now look like 
ERPs to a ‘known’ word rather than an unknown word (Mills et al., 2005).  Failure to 
acquire a ‘known’ neural signature to novel words in this situation may then interfere 
with word learning in HRA infants.  However, as we did not directly test infants during 
the process of word learning, more work must be done before forming this conclusion. 
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6.2 Atypical lateralization of ERPs to language in infants at risk for ASD 
 In addition to providing information about specific aspects of language 
acquisition in HRA infants, the studies here also provided evidence that HRA infants 
exhibit atypical neural lateralization to linguistic stimuli.  This was present from as early 
as 9-12 months of age and persisted through toddlerhood.  At 12 months different 
patterns of lateralization were evident in LRC infants, HRA infants who did not develop 
ASD, and infants who did develop ASD.  Specifically, LRC infants had more negative 
LSWs over the right hemisphere than the left while unaffected HRA infants showed 
equivalent LSWs across hemispheres and infants who developed ASD had more negative 
LSWs over the left hemisphere than the right.  Furthermore, at 18 months, there was 
tentative evidence that unaffected HRA infants showed less lateralization of their ERPs to 
known words than LRC infants, and at 24 months HRA infants exhibited differential 
ERPs to known versus unknown words over the right, rather than left, hemisphere.  
Interestingly though, at this age their ERPs to known words were actually more 
lateralized than those of LRC infants. 
 Reversed or dampened hemispheric lateralization of the neural networks involved 
with language processing is one of the most commonly reported findings related to 
language in individuals with ASD, and so it is not surprising that it was evident in HRA 
infants.  Atypical lateralization of the perisylvian regions responsible for language 
processing has been reported both for neural structure and for functional activation (De 
Fosse et al., 2004; Flagg et al., 2005; Herbert et al., 2002; Joseph et al., 2013; Kleinhans 
et al., 2008b; Knaus et al., 2009, 2008; Yoshimura et al., 2013).   It is present from 
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toddlerhood and has even been reported as early as 12 months in a very small number of 
infants who were already suspected to have ASD (Dinstein et al., 2011; Eyler et al., 2012; 
Redcay & Courchesne, 2008).  However, prior to the work presented here, atypical 
lateralization of neural response to language has not been examined or reported either 
earlier than that or in HRA infants prior to the onset of clinical-level symptoms.   
 It is thought that patterns of atypical lateralization to language in ASD may be due 
failure of regions of the left hemisphere, possibly the superior temporal gyrus, to respond 
adequately to linguistic stimuli and to specialize to language (Eyler, Pierce, & 
Courchesne, 2012).  This is further supported by recent research suggesting that brain 
development in frontal and temporal regions is disrupted prenatally (Stoner et al., 2014), 
which may have adverse consequences for later development.  Our work suggests that in 
addition to reversed lateralization in infants who develop ASD, atypical lateralization is 
present even in HRA infants who do not and that this dampened lateralization is not 
related to the presence of BAP traits.  This suggests that while reversed lateralization may 
be a risk marker for ASD, dampened lateralization may be an endophenotype of ASD and 
thus the development of these neural regions may be altered even in unaffected high-risk 
infants (discussed in more detail in section 6.3).  It has also been argued, however, that 
atypical lateralization may emerge as a byproduct of how well an individual processes 
language (Bishop, 2013).  This experience-based explanation may be particularly relevant 
for our lateralization findings on the known and unknown words paradigm.  Specifically, 
HRA infants exhibited less lateralization to known words than LRC infants at 18 months 
but more lateralization to known words at 24 months.   This reversal in the direction of 
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effect, combined with the specificity of this finding to known words, suggests that the 
findings may be dependent on or reflective of how the infant is processing the stimulus 
rather than reflecting more concrete or structural aspects of infants’ neural networks. 
 It is important to note, however, that atypical lateralization is unlikely to be either 
specific to linguistic stimuli or specific to ASD.   Evidence of atypical asymmetry to 
linguistic or auditory stimuli has been reported in individuals with a variety of complex 
neurological disorders, including specific language impairment, schizophrenia, and 
developmental stuttering (Jäncke et al., 2004; Shafer et al., 2001; Sommer et al., 2001).  
Furthermore, in addition to atypical asymmetries relating to language, HRA infants have 
been reported to have atypical asymmetry to both faces and objects (McCleery et al., 
2009). Thus, atypical lateralization to language, on its own, is unlikely to distinguish 
infants at risk for ASD from other high-risk or neurologically atypical populations.  
6.3 Implications for the development of HRA infants who do and do not develop 
ASD 
 It is clear from our findings that in order to fully understand ASD, it is vital to 
understand the both the development of individuals with ASD during infancy as well as 
the development of their first-degree relatives.  A portion of these first-degree relatives 
exhibit subtle behavioral traits that are similar in nature to ASD but are below the clinical 
threshold (Losh et al., 2009; Piven & Palmer, 1997).  Behaviorally, traits of the BAP 
emerge around 12 months of age, around the developmental time at which symptoms of 
ASD are emerging as well (Ozonoff et al., 2014).  Furthermore, even HRA infants who 
do not develop ASD or BAP have subtle traits in common with those who do.  These 
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endophenotypes are associated with genetic risk for ASD but not necessarily with the 
behavioral manifestation of the disorder (Gottesman & Gould, 2003).   
 First, consider infants who ultimately develop ASD.  Our findings suggest that 
these infants are not delayed in phonemic perceptual narrowing, yet they have atypically 
fast ERPs to non-native speech contrasts at 9 months and show reversed hemispheric 
lateralization to speech at 12 months.  This suggests that altered speech processing occurs 
by at least 9 months in these infants, around the time when behavioral symptoms of ASD 
are just beginning to emerge (Mitchell et al., 2006; Ozonoff et al., 2008b, 2010; 
Zwaigenbaum et al., 2005).  Future work with a larger sample may want to look 
specifically at these potential neural risk markers of ASD and the onset of ASD 
symptoms during this time in order to determine whether atypicalities in ERPs to speech 
precede atypicalities in behavior in this population or whether both emerge 
simultaneously.  
 Next, consider the HRA infants who do not develop ASD.  A portion of these 
infants experienced slightly delayed language ability in addition to subtle, subclinical 
ASD-like traits, in line with the BAP.  Neither the unaffected HRA infants who 
developed BAP nor the unaffected HRA infants who did not develop BAP showed 
evidence for delayed perceptual narrowing; however, both of the these groups showed 
dampened lateralization to speech at 12 months.  This suggests that dampened 
lateralization is an endophenotype of ASD rather than being related to behavioral 
symptoms of ASD.  Similarly, heightened amplitude of evoked response to repeated 
speech stimuli and atypical ERPs to words may also be endophenotypes of ASD.  
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However, we did not specifically compare these traits in HRA infants with BAP against 
HRA infants without BAP, so it is possible that they are primarily clustered in the BAP 
group rather than being true endophenotypes. 
Together, the studies presented here have helped to identify neural characteristics 
that may be risk markers of ASD, risk markers of BAP, or endophenotypes of ASD.  The 
identification of these traits is a vital first step in understanding the developmental 
pathways of the disorder and of unaffected relatives.  Although the risk markers of ASD 
that we identified (i.e., latency of an infant’s P150 to a non-native contrast at 9 months 
and reversed lateralization of the LSW at 12 months) are unlikely to be directly predictive 
of an ASD diagnosis for a given infant, they may contribute predictive value regarding 
diagnosis when considered in cumulative risk models alongside other risk markers or 
endophenotypes. 
6.4 Implications for Early Interventions 
One consistent finding that emerged from these data is that atypical ERPs in HRA 
infants do not necessarily reflect or predict overt behavioral impairment.  Specifically, 
this implies that atypical ERPs in HRA infants do not always indicate disrupted or 
disordered processing and in some cases may even reflect beneficial processing. 
This particular idea, that atypical ERPs in HRA infants do not necessarily indicate 
disorder, is in line with studies of adult relatives of individuals with ASD that find altered 
neural correlates of language processing that are potentially in line with compensatory 
neural mechanisms rather than signs of impairment (Buard et al., 2013; McFadden et al., 
2012; Wilson et al., 2013). Notably, this has implications for some of the current ideas 
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that surround early intervention for infants and toddlers with suspected ASD, particularly 
with regard to what is considered to be a benchmark of success for ASD treatments and 
interventions.  While intervention studies typically use behavioral indices to assess 
whether a treatment is effective, there has also been a growing focus on examining neural 
activity in individuals before and after treatment to determine whether the particular 
treatment helps ‘normalize’ atypical brain activity (e.g., Dawson et al., 2012; Van Hecke 
et al., 2013).  This possibility is exciting, particularly at younger ages, as it is taken as an 
indication of successfully altering the course of neural development while the brain is 
still plastic and thus preventing canalization of disordered neural pathways (Dawson, 
2008; Webb, Jones, Kelly, & Dawson, 2014).  However, the findings from this 
dissertation, together with findings from unimpaired relatives of individuals with ASD, 
suggest that achievement of ‘normal’ brain activity should not be the only marker of 
successful treatment.  In contrast, treatments may want to consider markers of success to 
include changes from atypical brain activity before the treatment to a distinct patterns of 
atypical brain activity after the treatment, as this type of change may reflect a 
transformation from disordered to non-disordered, yet still technically atypical neural 
organization or activity.  This point is particularly important in light of publication biases 
that may skew the field towards primarily reporting findings that are thought to reflect 
effective treatment as measured through ‘successful’ neural remediation and away from 
reporting treatments that fail to achieve that goal.  
6.5 Limitations  
 Although the studies here help inform us about ERPs to linguistic stimuli in HRA 
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infants, the findings should be considered within the context of their limitations.  A 
limitation common to all four chapters is that ERPs were only examined in response to 
linguistic stimuli.  It is unclear whether the findings are specific to language or whether 
they also present in response to other types of stimuli.  Atypical ERPs have been reported 
in individuals with ASD in response to non-linguistic auditory stimuli, and dampened 
lateralization has been reported in HRA infants in response to visual pictures of faces and 
objects (McCleery et al., 2009), suggesting that some of these findings may extend 
beyond the domain of language.  In addition, the sample sizes for Chapters 3 and 5 are 
fairly small, and so caution should be taken when interpreting these findings.  In order to 
be confident that these findings are valid, they must withstand replication in larger 
independent samples.  Finally, it should be noted that the findings here, particularly for 
HRA infants who do not develop ASD, have been discussed as possibly reflecting 
infants’ genetic risk for ASD, although we cannot be sure that this is definitely the case.  
The familial environments of HRA infants differ systematically in many ways from those 
of LRC infants.  In particular, there are likely differences in the types of interactions that 
infants have with their siblings (who have ASD in the HRA group but not in the LRC 
group) and with their parents, who have typically had training with various ASD 
therapies and in addition are often concerned about the development of the infant; these 
environmental differences may result in group differences in ERPs even in the absence of 
heritable influences. 
6.6 Future directions 
 As mentioned previously, the risk markers and endophenotypes identified here 
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may have the potential to contribute predictive validity regarding whether an individual 
infant will develop ASD; however, this is only likely to be the case when these markers 
are considered in conjunction with others rather than as individual predictors of ASD.  
Future work then may want to examine these traits in the context of a cumulative risk 
model for ASD.  In addition, further examination of these traits in a larger sample would 
allow for a better understanding of the trajectories of these traits over time in individual 
infants and a better understanding of how they relate to behavior.  Finally, it would be 
prudent to examine ERPs to speech and words in HRA infants alongside ERPs to other 
types of auditory and non-auditory stimuli in order to determine whether the findings are 
specific to language or whether they are present in other contexts. 
6.7 Conclusions 
Overall, the studies presented here help to characterize the electrophysiological 
correlates of language processing in infants at risk for ASD and provide insight into the 
ways in which language processing in infants who develop ASD differs over the first year 
of life from language processing in infants who do not.  The findings are informative 
within the context of the early development of ASD in general as they allow us to better 
understand the aspects of development and processing that are affected or are spared by 
virtue of having a familial risk for ASD.  Future work should continue to investigate the 
potential endophenotypes and risk markers identified here within the context of a 
cumulative risk model for ASD and to examine more closely the implications of atypical 
neural processing for infants’ later development.   
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